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Foreword 


T he tremendous research and development effort that went into the 
development of radar and related techniques during World War II 
resulted not only in hundreds of radar sets for military (and some for 
possible peacetime) use but also in a great body of information and new 
techniques in the electronics and high-frequency fields. Because this 
basic material may be of great value to science and engineering, it seemed 
most important to publish it as soon as security permitted. 

The Radiation Laboratory of MIT, which operated under the super¬ 
vision of the National Defense Research Committee, undertook the great 
task of preparing these volumes. The work described herein, however, is 
the collective result of work done at many laboratories, Army, Navy, 
university, and industrial, both in this country and in England, Canada, 
and other Dominions. 

The Radiation Laboratory, once its proposals were approved and 
finances provided by the Office of Scientific Research and Development, 
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire 
project. An editorial staff was then selected of those best qualified for 
this type of task. Finally the authors for the various volumes or chapters 
or sections were chosen from among those experts who were intimately 
familiar with the various fields, and who were able and willing to write 
the summaries of them. This entire staff agreed to remain at work at 
MIT for six months or more after the work of the Radiation Laboratory 
was complete. These volumes stand as a monument to this group. 

These volumes serve as a memorial to the unnamed hundreds and 
thousands of other scientists, engineers, and others who actually carried 
on the research, development, and engineering work the results of which 
are herein described. There were so many involved in this work and they 
worked so closely together even though often in widely separated labora¬ 
tories that it is impossible to name or even to know those who contributed 
to a particular idea or development. Only certain ones who wrote reports 
or articles have even been mentioned. But to all those who contributed 
in any way to this great cooperative development enterprise, both in this 
country and in England, these volumes are dedicated. 


L. A. DuBridge. 




Preface 


T here are in the Radiation Laboratory Series several volumes that 
treat solely problems associated with the generation, transmission, 
radiation, and reception of microwaves. The present volume is one of 
these. In it will be found information on those circuits used for trans¬ 
mission, along coaxial lines or waveguides, of microwave power or signals. 
Although a number of actual designs, with performance-data, are pre¬ 
sented, the emphasis is placed on an exposition of principles and tech¬ 
niques. Some elementary transmission-line theory is included, but the 
authors have relied on other volumes of the Series for the more thorough 
presentation of the theoretical aspects of microwave phenomena. 

Most of the designs described in these pages were developed at the 
MIT Radiation Laboratory. However, the authors have supplemented 
the work of this laboratory by borrowing freely from the many other 
laboratories that worked together with such excellent results in the com¬ 
mon wartime effort. When a complete design or major contribution 
resulted from the cooperation of another laboratory, an attempt has been 
made to acknowledge the fact by appropriate notation in the text or in 
footnotes. It is much more difficult to trace the development of tech¬ 
niques and ideas. The progress of all the cooperating laboratories was 
greatly aided by the free exchange of information which existed among 
them. Unfortunately, it is impossible to give proper acknowledgment 
of these borrowed ideas and techniques. Credit for many of the designs 
of this laboratory belongs, in large measure, to the common pool of 
knowledge thus shared with others. 

Most of the illustrations were executed by Grace W. Rowe; the typing 
was done chiefly by Helen P. Tufts; Julia C. Lombard assisted in routing 
the material of the book through the various stages of development. 
Anne P. Satterfield checked the equations in most of the text. 
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Cambridge, Mass., 
June , 1946. 


George L. Ragan. 
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CHAPTER 1 
INTRODUCTION 

By George L. Ragan 

The course of the development of techniques and applications of 
radio frequencies has been one of progression from low frequencies to 
higher and higher frequencies. Most recently this progression has seen 
the development, at a greatly accelerated rate, of techniques and applica¬ 
tions of the extremely high frequencies of the microwave region. The 
rapidity with which this region of the radio-frequency spectrum has been 
developed is a result of the expenditure of an enormous effort in the 
design and manufacture of devices using these waves to advantage in 
military applications. Radar apparatus, used to detect objects and to 
determine their location, is of course the most familiar of these devices. 
Applications such as those of navigation and communication, however, are 
also very important and should not be overlooked. Although the impetus 
resulting in the accelerated development of the microwave region came 
from the pressure of military needs, the techniques and apparatus 
developed have many peacetime applications. 

It is impossible to give an exact definition of the limits of frequency 
or wavelength implied by the term “microwave.” The microwave 
circuits to be described in this volume were developed for operation wi thin 
the region of wavelengths extending from about 12 cm down to about 1.2 
cm, the corresponding frequencies being 2500 to 25,000 Mc/sec. The 
term “microwave” is usually considered to embrace a somewhat broader 
region of the radio-frequency spectrum, perhaps including all wavelengths 
shorter than about 30 cm or frequencies exceeding about 1000 Mc/sec. 

Microwaves are unique among electromagnetic waves in that their 
wavelength is of the same order of magnitude as the dimensions of the 
apparatus in which they are used. The closest analogy to microwave 
phenomena is to be found in sound waves, which have wavelengths 
of the same order of magnitude. Like sound waves, microwaves may be 
propagated along hollow tubes and focused into a sharp beam by means 
of horns or parabolic reflectors of moderate size. Another analogy that is 
sometimes useful in the understanding of microwave phenomena is to be 
found in a study of the diffraction of light waves in parsing through 
holes or slits the dimensions of which are comparable with the wave¬ 
lengths of the light waves. 
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Among the properties of microwaves which are useful are the follow¬ 
ing: 

1. Microwaves may be directed into sharp beams of radiation by 
means of relatively small horns or reflectors. This property 
makes them especially valuable in applications requiring antennas 
of high gain or high angular resolution. Radar makes use of this 
property in order to obtain precise information concerning the 
direction of a reflecting object. 

2. An enormous number of bands, each broad in terms of cycles 
per second, may be contained within a region covering a range in 
frequency of only a few per cent. For example, 500 bands, each 
1 Mc/sec wide, may be used in the region from 2500 to 3000 Mc/sec 
(12 to 10 cm) or in the region from 29,500 to 30,000 Mc/sec (1.02 
to 1.00 cm). 

3. Pulses of extremely short duration may be used, since the sidebands 
introduced by the pulse modulation represent a relatively small 
percentage spread in frequency. 

The circuits used at microwave frequencies are radically different 
from those used at lower frequencies. During the previous stages in the 
evolution toward higher frequencies, little fundamental change had been 
necessary. The process had been one of improvement and refinement of 
the older techniques and circuits along well-defined and clear-cut lines. 
As the wavelength decreased to the point where it became comparable 
with the dimensions of the apparatus, the older circuits became imprac¬ 
tical. For example, lumped circuits became prohibitively small and 
entailed excessively large losses, and two-wire lines suffered from increas¬ 
ingly serious radiation effects. The smallness of the wavelength, which 
led to the downfall of the conventional circuits, made practical the use of 
circuits of a new type to replace them. Thus, the use of hollow-pipe 
waveguides became practical as a substitute for the failing two-wire 
line, and the cavity resonator emerged as a replacement for the older 
resonant circuit composed of lumped elements. Coaxial lines and 
coaxial-line circuits, useful at long wavelengths and down well into the 
microwave region, serve as transitional circuits, helping to bridge the 
gap. The “skin effect,” already important at high radio frequencies, 
becomes increasingly important in microwave work. 

Concurrent with the marked change in the form of the circuits, 
changed points of view involving various concepts are required. It is 
found necessary to relinquish, or at least to relegate to a minor role, 
the idea that currents and voltages are the fundamental entities in the 
transmission of radio-frequency power. Instead, the concept of the 
transmission of power by means of electromagnetic waves traveling in 
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the dielectric medium associated with the transmission line or hollow 
pipe is found to be more significant. This concept is far from new, since 
it was used by Lord Rayleigh as early as 1897, in working out the theory 
of hollow-pipe waveguides. Furthermore, electromagnetic-field theory 
has always formed the basis for the understanding of the radiation from 
antennas and the propagation of radio-frequency energy through space. 

Electromagnetic-field theory is embodied, in concise mathematical 
form, in the set of relations known as Maxwell’s equations. Anyone who 
plans to design microwave circuits will find it advisable to gain an 
understanding of the basic principles underlying these equations, even 
though he may rarely, if ever, find it necessary to apply the equations 
themselves to any specific problem of circuit design. He should develop 
a feeling for such fundamental things as: (1) the relation between current 
in a conductor and the magnetic field in the medium adjacent to the 
conductor, (2) the fact that in any electromagnetic wave the electric 
field and the magnetic field are always orthogonal, and (3) boundary 
conditions, such as those forbidding a tangential component of electric 
field or a normal component of magnetic field in the electromagnetic wave 
at the surface of a perfect conductor. It is hoped that the material of 
Chap. 2, which presents a brief semiquantitative explanation of the 
behavior of waveguides on the basis of reflected plane waves, will assist 
those who do not have such a feeling for the fundamentals of the wave 
point, of view to obtain it. 

It is thus evident that a different point of view, involving concepts that 
are not particularly helpful in the design of circuits for low frequencies, 
is needed in the design of microwave circuits. Nevertheless, many of 
the older concepts, in somewhat modified form, continue to be useful 
in microwave work. One of the most important of these concepts is 
that of impedance. To be sure, it is necessary, when working with 
waveguides, to redefine impedance in terms of electric and magnetic 
fields; but the concepts of impedance and impedance transformations 
along the waveguide, carried over from conventional transmission-line 
theory, are extremely useful. For this reason, Chap. 2 begins with a 
brief exposition of this conventional theory, and a considerable amount 
of emphasis is placed, in later sections, on the use of transmission-line 
calculators or impedance charts based on the equations resulting from 
this theory. 

Since the circuits used in microwave transmission differ so greatly from 
those used at lower frequencies, the design problems are naturally 
different. In addition, a greater emphasis is placed on impedance¬ 
matching, with the result that a great deal of the designer’s effort goes 
into the measurement of impedance and the elimination of mismatch. 
Each separate microwave circuit should match the characteristic imped- 
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ance of the line within close tolerances. When the line leading from the 
circuit toward the load is free of reflected waves, no reflected wave should 
be generated in the input line by the circuit itself. The principal reasons 
for the stringent requirements for well-matched circuits are the following: 

1. Stable operation of microwave magnetron transmitters is depend¬ 
ent on well-matched circuits. This requirement is associated 
with the fact that microwave magnetrons are efficient self-excited 
oscillators tightly coupled to a line that is many microwavelengths 
Jong. 

2. The line suffers voltage breakdown more readily if a standing wave 
exists on it. This situation becomes very serious at the high 
power levels attained in the short pulses frequently used in micro- 
wave applications. 

3. An impedance mismatch implies a partial reflection of the power 
in the incident wave. This reflected power may be wasted, as 
by reradiation of a received signal, or it may cause an unfavorable 
loading of the magnetron, thereby lowering its efficiency. 

4. Even though the input impedance of a transmission line may be 
matched by means of an impedance transformer, extra dissipative 
losses occur in the line because of the standing waves caused by a 
mismatch. 

In addition to the emphasis on impedance matching, it is usually 
desired to design circuits in such a way that they maintain the matched 
condition over a broad band of frequencies. It is usually felt to be 
worth while to take great pains in design work in order to achieve this 
broadband performance without resorting to the use of circuit parameters 
that require adjustment as the frequency is changed. Indeed, the 
tendency has been to establish, in the course of the design work, dimen¬ 
sions and tolerances for all details of the circuit which will ensure proper 
performance of the finished product without further adjustment. This 
procedure has been adopted in order to relieve the manufacturer and 
the user of the equipment of the task of making adjustments that are 
frequently difficult and time-consuming. 

It seems pertinent, at this point, to introduce a few remarks about the 
manufacture of the novel circuits used for microwave transmission. 
These circuits amply justify, by their outward appearance, the term 
“plumbing” that is frequently applied to them. Unfortunately, the 
precision and skill required in their manufacture are not in the same class 
with those of ordinary plumbing. They should be made with care by 
skilled workmen, a fact that is sometimes hard to impress upon shops not 
familiar with the manufacture of precision radio equipment. The 
accuracy of the workmanship required may easily be underestimated, 



INTRODUCTION 


5 


even by those familiar with the requirements of low-frequency circuits. 
The allowable departures from design dimensions tend to decrease in 
proportion to the decrease of wavelength, if the same reflection or mis¬ 
match may be tolerated. This consideration, added to that of the 
increased importance of matched circuits already referred to, affords 
some idea as to the quality of workmanship needed. 

The user of microwave equipment frequently finds it extremely diffi¬ 
cult, because of a lack of experience with microwave equipment or because 
of adverse operating conditions, to make even the minimum number of 
required adjustments on his equipment. Both difficulties were particu¬ 
larly prevalent in the use of microwave equipment for military purposes. 
The elimination of nonessential adjustments is therefore a very material 
contribution to the quality of the performance of the equipment. 

Although the microwave transmission circuits to be described in this 
volume were designed principally for use in radar apparatus, most of 
them will doubtless be found useful in communication and navigation 
equipment. A schematic diagram of the radio-frequency components 
of a simple radar set is presented in Fig. 1-1. It is found convenient 
to subdivide the r-f components into several groups, each group form¬ 
ing a more or less complete unit with its special techniques and prob¬ 
lems. Each specialized group of components is discussed separately 
in the appropriate volume or volumes of the Radiation Laboratory 
Series. The components 1 indicated within the dotted squares are: 
(1) transmitter components, (2) duplexer components, (3) mixer and 
receiver components, and (4) antenna components. The remaining 
components fall into the group frequently termed “transmission-line 
components.” These last components constitute the microwave trans¬ 
mission circuits to be described in this volume. 

The function of these transmission circuits is to transmit r-f power 
and signals from one of the specialized components to another. Among 
other things, the circuits must provide for the necessary bends and twists 
in the line, and must permit the required relative motions of the com¬ 
ponents. The transmission lines used to carry microwave power or 
signals are almost always either hollow-pipe waveguide, as indicated 
schematically in Fig. 1-1, or coaxial lines. 

A number of materials and techniques that may be found useful in 
designing microwave transmission circuits is presented in Chap. 3. In 
this presentation are described materials and techniques that are felt 
to be particularly applicable to the fabrication of microwave transmission 

1 Microwave Magnetrons, Vol. 6; Microwave Duplexers, Vol. 14; Microwave 
Mixers, Vol. 16; Crystal Rectifiers, Vol. 15; Klystrons and Microwave Triodes, Vol. 7; 
Microwave Receivers, Vol. 23; Microwave Antenna Theory and Design, Vol. 12, Radia¬ 
tion Laboratory Series. 
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Fig. 1-1.—Schematic diagram of the r-f components of a sample radar set. Several transmission line components are shown in relation to other 

types of r-f components. 
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circuits, with emphasis on the more recent developments. This material 
is presented early in the volume because the capabilities and limitations 
of the manufacturing processes must be considered when designing the 
circuits described in the succeeding chapters. 

Before passing on to a consideration of specific transmission line 
components, it seems desirable to point out the fact that no material 
on test equipment or on testing techniques is included in this volume. 
This material is omitted, not because it is unimportant, but because it 
merits a more thorough and more lengthy treatment than could prof¬ 
itably be included in the present volume. For a comprehensive and 
authoritative treatment of this important subject the reader is referred 
to another volume 1 of the Radiation Laboratory Series. 

In Chap. 4, the basic problem of connecting sections of transmission 
lines by means of suitable couplings is treated. Consideration is given 
also to such problems, intimately associated with transmission lines, 
as coaxial line supports, waveguide pressure seals, and phenomena of 
high-power breakdown. The choice between coaxial lines and wave¬ 
guides is dictated by considerations of physical size, attenuation, high- 
power limitations, and bandwidth. At the shortest wavelengths, 
waveguides have a clear superiority, whereas at the longest wavelengths 
their large size makes them unsuitable for many applications. Some 
properties of coaxial lines and waveguides are discussed in Chap. 4. 
These properties should be carefully considered in choosing the type of 
transmission line to be used for any given purpose. 

It is frequently desirable to be able to transfer r-f energy from a coaxial 
line to a waveguide or from one waveguide mode to another. This is 
accomplished by circuits known as transitions, examples of which 
are presented in Chap. 6. The rotary joint indicated in Fig. 1-1 employs 
transition units to pass from the lowest mode in rectangular waveguide to 
the second mode in round waveguide, which is a symmetrical mode suit¬ 
able for use in rotary joints. Rotary joints of this type as well as others, 
are discussed in Chap. 7. Other motional joints that permit various 
relative motions are also described. 

Certain large motions, such as those occurring between r-f units that 
are separately shock-mounted, are best permitted by the use of the flexible 
sections of coaxial fine or waveguide presented in Chap. 5. In addition, 
these flexible lines are useful in temporary installations and in experi¬ 
mental or test apparatus. 

Variable impedance transformers of a number of types are discussed 
in Chap. 8. The transformer most frequently used in r-f transmission 
lines is the phase shifter indicated schematically in Fig. 1-1. The use in 
r-f systems of variable impedance transformers, commonly referred to as 

1 Technique of Microwave Measurements, Vol. 11, Radiation Laboratory Series. 
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“tuners,” is, in general, discouraged. Tuners are, nevertheless, discussed 
extensively in Chap. 8, since they are required in some system applications 
and are very useful in experimental work in the laboratory. 

Information concerning r-f power dividers and r-f switches is also 
included in Chap. 8. These devices have been used to some extent in 
radar systems, but few sets require them. Variable power dividers are 
more useful in experimental laboratory work, as variable attenuators 
operating at high power levels. 

The concluding chapters, Chaps. 9 and 10, contain an extensive treat¬ 
ment of the theory and design of microwave filters. For a long time, 
certain filter circuits have been used in radar sets, particularly in con¬ 
nection with gas-filled switching tubes and mixers. There was, however, 
no well-formed theoretical groundwork to guide the designer of micro- 
wave filters. Toward the end of the war period, it began to appear that 
the growing number of microwave sets in use made it advisable to 
investigate the use of filters as a means of reducing troublesome inter¬ 
ference between equipments. Consequently, a broad program for the 
study of principles to serve as a guide in the design of microwave filters 
was undertaken. The theory and techniques described in these two 
chapters came too late to play any significant role in the war, but they 
should prove extremely useful in peacetime developments. The prin¬ 
ciples described are not merely extensions to microwave frequencies of 
principles already in use at low frequencies. They represent, rather, a 
significant contribution to filter theory along lines that had not previously 
been exploited. The results of this work should find many useful applica¬ 
tions in the design of filters for use at low frequencies as well as at micro- 
wave frequencies. 

Throughout this volume, as in others of the Radiation Laboratory 
Series, rationalized mks units are used except where alternative units 
are specifically indicated. 



CHAPTER 2 

ELEMENTARY LINE THEORY 

By George L. Ragan 

CONVENTIONAL TRANSMISSION-LINE THEORY 

A great deal of interesting and useful information may be obtained 
by applying low-frequency circuit theory to the problem of a long 
transmission line with distributed constants. In this treatment it is 
convenient to focus attention on the current flowing in the conductors 
and the voltage between conductors, rather than on the electromagnetic 
fields in the dielectric medium. Although the former point of view may 
be less accurate than the latter, it leads more simply to the same result. 

2*1. The Telegraphers’ Equation.—Proceeding in the usual way, 1 let 
us consider the two-wire transmission 
line of Fig. 2*1. The series impedance 
and the shunt admittance per unit 
length of line are, respectively, Z and 
Y. Fixing our attention on the infin¬ 
itesimal element of line whose length 
is dz, we write expressions for dl, the 
current flowing from one conductor 
to the other through the conductance 
Y dz, and dV, the change in potential 
difference between conductors caused 
by the current I flowing in the impedance Z dz, as 

dl = 
dV = 

Or, expressed as derivatives, 

dl 
dz 
dV 
dz 

Here V and I are the complex voltage and current associated with a 

1 Sarbacher and Edson, Hyper and Ultra-High-Frequency Engineering, 1st ed., 
Wiley, New York, 1943, Chap. 9; J. C. Slater, Microwave Transmission, McGraw-Hill, 
New York, 1942, Chap. 4; S. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, New 
York, 1943, Chap. 7. 
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Fig. 2*1.—Voltage and currents in a 
transmission line. 
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steady-state condition 1 characterized by sinusoidal time variation. 
In general, both Z and Y will be complex: 


Z = n+3X,\ 
Y = G+jB. j 


(3) 


Taking the second derivatives of Eqs. (2), we obtain 


m 

dz 2 
d 2 Y 
dz 2 


-§ = ZYV - ) 


(4) 


Let us solve the second of these equations by assuming the solution 
to have the form 

V = Ae~v, (5) 

where A and y are constants which will be evaluated presently. Using 
the solution assumed in Eq. (5), 


dW 

dz 2 


= y 2 Ae~ yz = y 2 V = YZV, 


( 6 ) 


which enables us to write 

T 2 = YZ, 

y - ± VYZ. (7) 

We shall let y represent the positive root and use —y where the negative 
root is required. The general solution will be of the same form as 
Eq. (5); but, since we are dealing with a differential equation of the 
second order, the solution will contain two constants of integration, A 
and B, which, in general, will be complex, 

V = Ae~y* + Be yz . (8) 


The expression for the current is easily obtained by substituting Eq. (8) 
in the second of Eqs. (1), 

^ = -y{Ae~y* - Be yz ) = -IZ, 
dz 

I = ^ ( Ae-y* - Bey*), 

- ~ (Ae-y* - Be y *). (9) 

Ao 

i For a d is c i !*™™ of the more general problem of transients or nonsinusoidal wave¬ 
forms, see Brainerd, Kohler, Reich, and Woodruff, Ultra-High-Frequency Techniques, 
Van Nostrand, New York, 1942, Chap. 11; or E. A. Guillemin, Communication 
Networks, Vol. II, Wiley, New York, 1935, Chap. 11. 



Sec. 2-2] INTERPRETATION OF THE SOLUTION 

For convenience a new quantity has been defined 




whose significance will appear presently. 

2*2. Interpretation of the Solution. —Since 7 is defined in terms of the 
complex quantities Z and Y, it is itself complex and may be written as 

7 = «+#• (11) 

Writing the solution, Eq. ( 8 ), in full including the time factor gives 

Ve lut = Ae~ at e i(at -P z) + Be at e ilut+p ‘ ) . (12) 

The factor indicates that this term varies sinusoidally with 

both t and 2 . The significance of w is easily recalled by remembering 
that the phase angle ut increases by 2 rr radians, when t increases by the 
periodic time l/v. That is, 




Similarly, the phase angle must increase by 2rr between the successive 
equiphase points 2 and 2 + X 


It must be borne in mind that X is the wavelength in the transmission 
line, not the associated free-space wavelength. 

This factor represents the phase of a wave traveling in the 

positive 2 direction. This fact is easily demonstrated by noting that 
the factor has the same value, and hence the same phase, at the points 
2 and 2 + dz at successive instants of time t and t + dt, provided that 

<at — /te = u(t + dt) — 0 (2 + dz), 

<adt = dz, 



(15) 


Now u is obviously positive, and it will be shown in Sec. 2-4 that 0 is 
positive for ordinary lines, since 7 was defined as the positive root of 
Eq. (7). Hence the phase velocity v p of the wave represented by thip 
term is positive; that is, this wave travels in the positive 2 direction. 
Similarly, it may be shown that the other imaginary exponential term 
for negative 7 represents the phase of a wave traveling in the negative 2 
direction with an equal phase velocity. 
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Phase velocity, as used above, is a simple concept, and its value is 
easily calculated. Unfortunately, the group and signal velocities, which 
are equally important, are rather obscure. For the type of line to which 
the present discussion, based on the telegraphers’ equation, applies, the 
three velocities 1 are equal. This follows from the fact that such lines are 
nondispersive; that is, the phase velocity is independent of frequency. 
Substitution of Eqe. (13) and (14) in Eq. (15) yields the fundamental 
relation 

- v\ (16) 

which may be solved for X, giving 

X = Ss. (17) 

V 

The real exponential factors of Eq. (12) represent attenuation of the 
waves. In each case, the wave is attenuated in the direction in which 
it is propagated. This agrees with our experience that in actual lines 
there is such an attenuation; and the concept of energy conservation 
demands that the wave become weaker, rather than stronger, as it 
advances. The constants A and B are in general complex; they represent 
the magnitude and phase of the waves traveling to right and left, respec¬ 
tively, at the point z = 0 at the time t — 0. 

The expression for the current, Eq. (9), is interpreted similarly as 
representing waves whose complex amplitudes are A/Z o and —B/Zq, 
traveling to right and left, respectively. The amplitude of each current 
wavs is related to that of the corresponding voltage wave by the factor 
Z 0 . In the special case in which Zo is a pure real number, each current 
wave is in phase with the associated voltage wave. In general, Z 0 is 
complex so that a shift in phase occurs between the associated current 
and voltage waves. The quantity Z 0 , called the “characteristic imped¬ 
ance” of the line, may be thought of as representing, for that particular 
line, the complex ratio of voltage to current in a traveling wave. 

The significance of the negative sign in the amplitude of the current 
wave traveling to the left is not immediately obvious. It arises mathe¬ 
matically, because the derivatives of e~ ye and e yz have opposite signs. 
To understand this physically, let us consider what happens if a d-c 
generator is connected to the left-hand terminals in Fig. 2-1. If the 
upper terminal is made negative, the voltage (integral of electric field) 
and current (conventional or positive) will be in the directions indicated, 
and power will flow to the resistive load which, it is assumed, is con¬ 
nected to the right-hand terminals. If the generator and load are 
interchanged, and the upper wire is kept negative, the voltage will 

1 For a good discussion of these three velocities, see Sarbacher and Edson, loc. cit.. 
Sec. 5-8. 
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remain in the direction shown, but the current will be reversed and 
the power will now be flowing to the left. Thus we see the origin of 
the negative sign on the current of the wave traveling to the left. A 
rigorous demonstration involving electromagnetic fields and Poynting’s 
vector is easily given, but will not be carried out here. 

Reviewing our general procedure in setting up and solving the line 
equations, it should be pointed out that first the line was described in 
terms of differential equations involving the two quantities Z and Y. 
In the solution of these differential equations, Z and Y were found 
occurring only in the combinations \^ZY and y/Z/Y. For the sake 
of convenience, new symbols y and Z 0 were then introduced for these two 
combinations. These new symbols were given a simple physical inter¬ 
pretation and christened, respectively, “propagation factor” and 
“characteristic impedance.” It should be clearly understood that a 
knowledge of either the original quantities Z and Y, or the derived ones 
y and Z 0 , enables us to calculate the other pair through the relations 


y = \/ ZY, Z = yZo, 



2*3. Impedance Relations, Reflection Coefficients, and Standing 
Waves.—It will be seen later, as practical problems of design and per¬ 
formance are approached, that the concept of impedance in lines and a 
knowledge of impedance transfor¬ 
mations are extremely useful tools. 

The results obtained in Sec. 2-1 may 
be used as a starting point in the 
development of these indispensable 
aids. Just as in low-frequency cir¬ 
cuit theory, the complex impedance ( t 

Z t at a point z may be defined as the *=-* *=0 

ratio of the complex voltage to the Fig - 2-2.—Transm^ion Une ™ th generator 
complex current at that point. 

Using Eqs. (8) and (9), we may write 



tj _V _ tj A«r* + Be** 
Z z - ! - Zo Ae ^ z _ Beya - 


(19) 


Up to the present point in this development, the origin of the two 
waves traveling in opposite directions has not been discussed. Two 
generators of exactly the same frequency may be assumed to be con¬ 
nected to the opposite ends of a very long line, a line so long that the 
attenuation in the line prevents appreciable interaction between the 
generators. A much more practical case is that shown in Fig. 2*2. 
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At the point 2 = 0, a receiving-end impedance Z r is placed. Equation 
(19) must be satisfied for any value of 2 , including 2 = 0, so we may write 


Z t 


„ A+B 
Z °A=B 



( 20 ) 


This equation may be solved for the complex ratio 

B _Z r -Z 0 
A Z r + Z 0 


( 21 ) 


which represents, at the point 2 = 0, the amplitude and phase of the volt¬ 



age wave traveling to the left relative to that traveling to the right (see 
Fig. 2-3). 

Several important inferences may now be pointed out. 

1 . We have discovered that when we terminate a line with an imped¬ 
ance, a wave will be set up, which travels back toward the source. 

2. It is natural to call the voltage wave of amplitude A traveling 
toward the load the “incident wave,” and the voltage wave of 
amplitude B traveling back toward the generator the “reflected 
wave.” The complex ratio B/A is then referred to as the “ voltage 
reflection coefficient,” for which we shall use the symbol T. 

3. In the special case where Z r = Z 0 , B/A is zero; that is, no reflected 
wave is set up. To our previous interpretation of Z 0 (see Sec. 2-2) 
may now be added the remark that, if a line be terminated in 
its characteristic impedance, no reflected wave will be generated. 

Having evaluated the voltage reflection coefficient T r , arising at a 
terminal impedance Z r , it is interesting to discover the relation between 
reflected and incident waves at other points along the line. To do this, 
the total voltage V, given by Eq. (8), is evaluated, at the point 2 = — l, 
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V-i - Ae* + Be~* (22) 


This equation has been interpreted as signifying that the total voltage 
is the sum of an incident voltage 


F ie . * Ae* 

(23) 

and a reflected voltage 


F re , = Be~*. 

(24) 

The ratio of these two complex voltages 


_Zl! f _ e -2yl 

Vino A 6 

(25) 


shall be called the “voltage reflection coefficient” at the point z = —l. 
The relation between this quantity, which will be designated, as r_j, and 
the voltage reflection coefficient at z = 0, designated as r 0 , is 

= Toe-W = Toe- 2al e- 2 W. (26) 

This equation indicates that the complex reflection coefficient at any 
distance l from the load behaves as a vector 
(see Fig. 2-4), whose value varies from r 0 
at the load to zero as l approaches infinity. 

The amplitude decreases because of the 
factor e~ 2al , and the phase angle varies 
cyclically because of the factor e -2 #*. Thus, 
for very long lines, the reflected wave dis¬ 
appears at large distances from the load 
and only the incident wave remains. If fig. 2-4.—Transformation of 
the incident voltage should be taken as a akmg"the ^ eflection coefficient 
reference vector (see Fig. 2-5), the relative 
voltage F| may be written as 

V ' 1 = fe = 1 + Toe ~ Zyl ‘ (27) 

Similarly, we could proceed from Eqs. (9) to write 

JT = -JL e ~ 2yl = -IV- 2 * (28) 

The current reflection coefficient here is the negative of the voltage 
reflection coefficient; the significance of the negative sign was discussed 
in the previous section. The total current relative to the incident current 
vector is 

ILl = fe = 1 “ r ° e_2r7 - 



( 29 ) 
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One reason for dealing at length with the subject of reflection coefficients 
and their variation along the line lies in the fact that the concept of 
reflected waves set up by an improper termination or by discontinuities 
in the line is an indispensable aid to visualizing what takes place in a 
line. Another reason is that these ideas will be used to advantage later 
on in connection with reflection-coefficient charts based on Eqs. (27) 
and (29). 

The way in which the incident and reflected waves combine is illus¬ 
trated by Fig. 2-6. in a the two waves are in phase, and the resultant 
voltage has its maximum amplitude |A| + \B\ at certain positions. In 
6 , a quarter cycle later in time, each wave has traveled a quarter wave¬ 



length in its direction of propagation, so that the two waves are now 
out of phase. They may be subtracted to give a voltage amplitude 
|A| — |B| at positions midway between those at which the maximum 
amplitudes of a occurred. In successive quarter cycles, the resultants 
have the same amplitudes as in a and b but reversed in sign. In c is 
shown the maximum amplitude occurring at each position along the line. 
This corresponds to V- t of Eq. (22). 

To examine this case mathematically, Eq. (22) is rewritten, replacing 
y by i/3 and neglecting a, 

V-i = \A\e*++w + \B\e^ l \ 

where the complex nature of the amplitudes A and B, written as |A|e* 
and \B\e ie , is brought into evidence (see Fig. 2-7). For certain positions 
Zi, the voltage amplitudes have the same phase angle; that is 
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(* + fih) = (6- fiL x ) ± 2 7m, 


h 


6 — </> + 2im 
20 


Remembering that fi = 2r/X, yre may write 

h = (c^r t± i) x <w 


Similarly it may be shown that 
the positions h at which the two 
amplitudes have phase angles diff¬ 
ering by tc are 

!j _(«^ ± 2» + 1) x (31) 

At the positions h the voltage 
amplitude is 

- \A\ + Ifll. (32) 

Furthermore, Eq. (30) shows that 
these voltage maxima occur at 
half-wavelength intervals. At the 
positions Z* the voltage amplitude 

V*. - |A| - \B\. 

That such voltage minima occur 
at points midway between maxima 
is revealed by comparing Eqs. (30) 
and (31). The ratio of maximum 
to minimum voltage is 



Fig. 2*6. —Combination of incident and 
reflected waves to form a standing wave, 
(a) Incident and reflected waves adding in 
phase, (b) Waves in opposition a quarter 
cycle later, (c) Standing wave voltage 
amplitude pattern. 


r — 


Vuiu 


|A| + \B\ 

|A| - | 2 *| ' 



(33) 


It is common practice to refer to r as the “standing-wave ratio,” or more 
precisely as the “voltage standing-wave ratio,” frequently abbreviated 
as VSWR. This ratio is rather easily determined experimentally. 
Equation (33) may be solved for the magnitude of the reflection coefficient 


= |r| 


r - 1 
r + l' 


(34) 


The groundwork has now been laid for a commonly used method of 
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impedance measurement. By measuring r and h and by applying 
Eqs. (34) and (31), both magnitude and phase of the ratio B/A may 
be determined. The load impedance Z r may then be calculated by 
Eq. (20). Equation (19) for the point z = —l may be written in the 
form 


Z .4 


Zo- 


e yl + 


Ae~v l 


e yl - 


Ae 


(35) 


If the value of B/A as given by Eq. (21) is substituted in Eq. (35) and 
the result rearranged, we obtain 


rj _ rj Z r (e-* 1 + e-* 1 ) + z 0 (e^ 1 - e~^) 

Z 0 (e* + e~*) + Z r {e* - «r*)' 


(36) 




Fig. 2-7.—Vector relations for combining incident and reflected voltages. 


This may be written, in terms of hyperbolic functions, as 

(37) 


(38) 

This result is extremely useful. If we know the load impedance Z r and 
the line characteristics Z 0 and y, we may calculate the impedance Z t 
at any point a distance l from the load, toward the input end of the line. 
It is frequently convenient to express all impedances in terms of Z 0 . 
We shall denote such “normalized” impedances by a prime; thus 


„ _ rr Z r cosh yl + Z o sinh yl 

Z ~ l “ Zo Z 0 cosh yl + Z r sinh yi 

or alternatively as 

n „ Z r A Zq tanh yl 
Z ~ l ~ Zo Z 0 + Z r tanh yl' 




(39) 
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Equation (38) may then be written 

_ Z' r + tanh yl 
~ l 1 + tanh yl 
In many practical problems the attenuation of the line is small enough 
to give the impedance transformations with sufficient accuracy by a 
simplified formula. If 

a = 0 

7 = j/®, 

then tanh yl becomes 

tanh jpi = j tan 01. 

Equation (38) then simplifies to 


n Z r jZo tan 01 
0 Z 0 -4* jZ r tan 01 


(40) 


and Eq. (39) to 

y/ _ Z’ r + j tan 01 

z -‘ - 1 + jZ’ ten el < 41 > 

It will be seen later on that this equation is the basis for the common 
rectangular impedance chart. 

2*4. Propagation Factor and Characteristic Impedance. —The signifi¬ 
cance of these two line constants was discussed, in a general way, in 
Sec. 2-2. There are two special cases that are deserving of further 
elaboration. In each case it will be assumed that Z and Y of Eqs. (3) 
may be expressed simply as 

Z - R +j<*L,) 

Y =G+ja>C.) (42) 

It will be noted that any possible series-capacitance or shunt-inductance 
effects have been neglected; a little reflection will show that this is 
justifiable in ordinary types of line. Equations (7) and (10) then 
become 

y = \/ZY = (\/R + jcoL)(G -YjoC), (43) 


(44) 


l+j»C 

Ideal ( Lossless) Line .—Many practical problems are solved accurately 
enough, and a great deal more easily, if Eqs. (43) and (44) are simplified 
by assuming ideal conductors and dielectric mediums for which 


Those equations then become 


R - G = 0. 


ju \/LC, 


(45) 
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a = 0, 

/3 = w VLC. 


(47) 


It is worth noting that the phase velocity, given by Eq. (15), may now 
be evaluated as 


— w 1 
Vp ~~p~ vm' 


(48) 


From Eqs. (13) and (14) it is noted that 


(49) 


Equations (48) and (49) may be combined to yield the following expres¬ 
sion for the wavelength: 



v 


1 

vVlc' 


(50) 


It may be seen from Eq. (46) that Z 0 is real, that is, it is purely resistive. 
This means that a resistance having this particular value will properly 
terminate the line. It means also that the current and voltage in a 
traveling wave are in phase. This may be seen by writing Eqs. ( 8 ) 
and (9) for a pure traveling wave, that is, B — 0, 


I = 



(51) 


Since these expressions represent the amplitudes of quantities varying 
sinusoidally with time, the power flowing in the traveling wave is the time 
average of their product; namely, 


1 1 v 2 1 


(52) 


Line with Small Losses .—In problems involving long lines, or lines 
with appreciable attenuation, the foregoing simplifying assumptions are 
no longer valid. In many such cases it will be true that R «L and 
G <$C coC. It then becomes possible to simplify Eqs. (43) and (44) by 
performing a binomial expansion. If Eq. (43) is written as 

v+£)"(!+£)", 

and expanded by the binomial expansion, the solution becomes 
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= jo, \/LC (l + 


R fl 2 
2jo,L 8i 2 co 2 L 2 ‘ 


■) 


G 2 


+ • 


2jo,C 8 j 2 o, 2 C 2 

Neglecting terms of order higher than the second, the result is 

r = +3f> = VIc [l + 

+ \8co 2 Z/ 2 4o, 2 LC ^ 8o, 2 C 2 / J 
Equating real parts of this expression, one obtains 

a = §\/z + f-\/§ neper/m 

Using the ideal-line characteristic impedance. 

and the corresponding characteristic admittance, defined as 


■> 


(53) 


(53 a) 


Y' 0 = ij 
a o 


Eq. (53a) may be written as 

R 


nepers/m. 


(54) 


It is easily recognized that the first term on the right is due to conductor 
loss, the second to dielectric loss. This equation may be expressed as 



« = Oi e + Old, 

(55) 

where 

R 

(56) 


ae ~ 2Z' 0 

and 

G 

(57) 


~ 2 n’ 


If the imaginary parts of Eq. (53) are equated 

P 


0, VLC 


( 58 ) 
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If primed symbols are used to indicate quantities for the same line but 
with R = G = 0, Eq. (14) may be written as 

p' = *VLC = %- 

Then it is easily verified that Eq. (58) is equivalent to 

'I 1 -?)']> <*> 

the wavelength relation which follows is 

x “ x '[ 1 -?)’} (60) 

Equations (59) and (60) contain terms which are readily interpreted. 
The conductor loss enters these expressions in the form 

« c _ a e \ r 
0 ' “ " 27 ’ 

which has the dimensions of nepers per radian of line length. Similarly, 
the term a d /0' represents the dielectric loss in nepers per radian. It will 
be noted that, when these two losses are equal, 0 has the same value 
as in the case of an ideal line; referring to Eq. (58) this statement is 
equivalent to specifying that 

R_ = G_ 
coL uC 

The greatest change in 0 obviously occurs when one type of attenuation 
is much larger than the other. Even in this case, however, the fact that 
this small term is squared means that a rather large attenuation per 
radian is required to affect 0 or X appreciably. 

Now that the discussion of Eq. (43) has been completed for the case 
of small R and G, the same procedure is applied to Eq. (44), which may 
be rewritten as 


Zo 


4( i+ £F( i+ 


G\-» 

jaC) 


Application of the binomial expansion yields 


Zo 



R R 2 
2 jo>L 8j 2 o> 2 L 2 


+ • 



G 3 G 2 

2jo>C + 8 j 2 u 2 C 2 



If terms of higher order than the second are dropped from the result, 
this becomes 
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Simplifying in the same manner as in Eq. (58), we obtain finally 


The real part of the characteristic impedance may be compared to the 
phase constant 0, Eq. (59); and the imaginary part to the attenuation 
constant a, Eqs. (54) and (55). The conductor attenuation and the 
dielectric attenuation add in the case of a ; but both 0 and Z 0 remain 
equal to their ideal-line values 0' and Z' 0 so long as the conductor losses 
are equal to the dielectric losses. When these losses are not balanced, 
it will be noted that, in all cases, the attenuation in nepers per radian 
of line length enters, in a rather simple way, into the perturbation of 
each quantity from its ideal-line value. In 0 and in the real part of Z 0 , 
the attenuation enters squared and is, hence, relatively unimportant. 
In the imaginary part of Z 0 it enters to the first power and may be appre¬ 
ciable. It must be remembered, however, that these approximations 
are valid only for 



G 


«l. 


In terms of the corresponding attenuations in nepers per radian this 
means that 

- c « 

0 ' ^ 2 

and 


«?«! 

0 ' ^2 


If these restrictions are not fulfilled, recourse should be 
expressions,Eqs. (43) and (44). 

2*5. Application to Coaxial Line Characteristics. 
less Line .—The appropriate equations from Sec. 2-4 
in the present discussion are 

a - 0, 1 

0 = to VLC, ) 


had to the original 

The Ideal or Loss- 
which are needed 


(2-47) 


Z 0 



(246) 


The basic assumption that the conductor has infinite conductivity leads, 
through the “skin effect” to be discussed presently, to a current flowing 
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entirely on the surface of the conductors. Referring to Fig. 2-8, the 
inductance and capacitance for a unit length of ideal coaxial line may 
be written as 


L = In 
2tt a 

In 5 


(63) 

(64) 


Here mi and «x apply to the dielectric medium between conductors; the 

expression for C is easily obtained 
by simple electrostatic theory; 
that for L is derived on the 
assumption that all current is 
confined to the surface of the 
conductors so that it is accurate 
only at relatively high frequencies. 
Equation (47) may now be 


'-////// f 

b 



<!• <7lM* \ 

7 / s s ; / / / / aJw 



Fig. 2-8.—Coaxial line dimensions. 


written, using Eqs. (63) and (64), 

P = o> 


(65) 


Introducing relative inductive capacities and remembering that 
Vmoco = 1 /c, the following result is obtained 


P — 0 > \/ M0*0 ^nt 1 ke 1 — ~~ kfnke^. 


( 66 ) 


Recalling Eq. (48), note the phase velocity is found to be 


v p 


a> _ C 

P ~ 


By use of the fundamental relation X = v p /v, Eq. (16), 


(67) 


X = 


Xq 

\/ k m k ti 


( 68 ) 


where X 0 = c/v is the associated free-space wavelength. Usually k n> 
has the value unity for ordinary dielectrics; consequently Eqs. (66), 
(67), and (68) may be written as 


P = 
v p = 


2fir /j — 2ir 



(69) 

(70) 




( 71 ) 
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It will be noted that the phase velocity is independent of frequency; that 
is, an ideal coaxial line is a nondispersive transmission line. Conse¬ 
quently, the group and signal velocities are equal to the phase velocity 
(see Footnote 1, p. 12). 

Similarly, substituting Eqs. (63) and (64) in Eq. (46) gives 



Let us again restrict our consideration to dielectrics for which k Mi — 1. 

Inserting the numerical value 376.7 ohms for the quantity VmoAo, the 
so-called “impedance of free space,” we obtain 


Z 0 = 
Z 0 — 


60.0 . b 
— j= In -i 
y/k e o 


n ' e i 

138.0 


i h 

logio -* 


(73) 

(74) 


The power in a running wave may be written, using Eq. 52, 


1 V s V^e, V 2 

2 Z 0 ~ 120 In b/a 


(75) 


If the electric field intensity at the center conductor is denoted by E a , 
the voltage may be shown to be 


V = f b ^dr = E a a In-- 
J a r a 

Using this relation, Eq. (75) may be written 


(76) 


P 



E^_VK h 


120 a 


(77) 


The Actual or Low-loss Line .—The attenuation in actual coaxial lines 
is usually low enough to permit the use of the equations developed in the 
latter part of Sec. 2*4. These equations contain all the general relations 
needed for calculating a, (3, and Z 0 . The line characteristics requiring 
specific evaluation for coaxial lines are a c , (u, 0', and Z' 0 . The last two 
are the values of 0 and Z 0 for an ideal line and have been evaluated in 
the first part of this section; the first two are the attenuation constants 
for conductor and dielectric losses which may now be calculated. 

Equation (56) gives the attenuation due to the conductors: 


R 
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Here Z' 0 is the characteristic impedance, neglecting losses, given by 
Eq. (72), and R is the effective resistance per unit length of line. Since 
the current flows mostly near the surface of the conductors, a calculation 
of this effective resistance requires consideration of the “skin effect.” 
The current density has its maximum value at the surface of the conductor 
and falls off exponentially to 1/e of this maximum value in a distance 


S = -A=- (78) 

Subscripts 2 refer to the conductor material. This quantity 8 is usually 
called the “skin depth.” The losses in a conductor in which the current 
density is distributed according to this exponential law may be calcu¬ 
lated. They are found to be exactly the same as those which would 
result from the same total current of uniform distribution flowing in the 
walls of a tubular conductor of wall thickness 8. The effective resistance 
per unit length of center conductor is then 


R a 


1 

2ra8<re 



A similar expression may be written for the outer conductor, replacing 
a by 6. The total resistance is the sum 

+ + (79) 

Substitution in Eq. (56) gives the alternative forms 

= nepers/m 

= 1,581 z; 10 * G + 0 nepers/m - < 70o > 

If we let subscripts 1 refer to the characteristics of the dielectric medium, 
Eq. (72) becomes, for the present case, 



Substitution of Eq. (80) in Eq. (79a) yields the conductor loss 

“• “ \ G+0 nepers/m - < 8l > 
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Introducing relative inductive capacities and inserting numerical values 
for the constants, one obtains as the final form 

2.63 X 10- 6 Ivk'fc (\ A 

- ^J—yl^{a+b) n *P ers/m - (82) 

a 

The attenuation due to the dielectric is given by Eq. (57); 

= 2p o - (2-57) 

A simple integration gives, for a dielectric whose effective conductivity 
is ci, 

G = ——£• (83) 

In 8 

a 

In Eq. (57), substitute this for G and the reciprocal of Z' 0t Eq. (80), 
for Y’ 0 : 



It is noted at once that this loss is independent of the dimensions of the 
line. The effective conductivity may be a true conductivity which 
could be measured with a d-c ohmmeter; or it may be due, wholly or in 
part, to a hysteresis loss which occurs in the molecules of the dielectric 
as they are subjected to polarization by the high frequency fields. In 
any case, the dielectric may be described by a dielectric constant «i and 
an effective conductivity a. 

The current density in the dielectric medium is 

J = <t,E + .,~ (86) 

By Ohm’s law, o\E is the “conduction” current, including both true 
conduction current and current supplying hysteresis losses; the term 

«i is the displacement current. For a harmonic voltage, 


and 


E = E 0 e> ut ; 


BE 

at 


jcoE. 


Equation (85) may now be written 

J — (fll + jb)€i)E. 


( 86 ) 
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The conduction current is in phase with the electric field and therefore 
represents a power loss. The displacement current is out of phase and 
therefore does not. Since the conduction current is usually small com¬ 
pared with the displacement current, it is convenient to rewrite Eq. 
(86) as 

it is convenient to define a complex dielectric constant, 

(i - (88) 


in order to simplify Eq. (87); thus 

J = jcateiE. (89) 


The conductivity no longer appears 



Fig. 2-9. —Current-voltage relations in imper¬ 
fect dielectric. 


is the real part, and 


explicitly but is contained in the 
complex dielectric constant. If 
is substituted for d in equations 
derived on the basis of an ideal 
dielectric with a simple dielectric 
constant ei, the resulting equations 
will take into account the non¬ 
ideal character of the dielectric. 
The complex dielectric constant 
is usually expressed as 

( 90 ) 

Comparison with Eq. (88) shows 
that 

< = ft (91) 


is the imaginary part of the complex dielectric constant. These relations 
are presented diagrammatically in Fig. 2-9. The power lost per unit 
volume is 

Pi = JE cos 6 = JE sin 8. 

Therefore, the power factor, in the usual sense, is 
p = cos 8 = sin 8. 


( 93 ) 
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is called the “loss tangent” and is, for small angles, almost identical with 
the power factor. 

The dielectric attenuation given by Eq. (84) may be rewritten, using 
Eq. (92), 

an = -^r\ rr = it v -j- \/e[m nepers/m. (95) 

z yje i 

By use of Eq. (94) and the introduction of relative inductive capacities, 
one obtains 

otd = vv y/k ei k mi \/como tan d nepers/m (96) 

= ™ \/k mi k ei tan 5 nepers/m. (97) 

In view of Eq. (68), this may be written 

oc d = tan S nepers/m, (98) 

Al 

where Xi is the wavelength in the line. Other forms for this equation are 
ad = tt tan S nepers/line wavelength 

= £ tan 5 nepers/radian. (99) 


2*6. Some Useful Relations in Transmission Lines.—A number of 
the frequently used transmission-line equations developed earlier in the 
present chapter have been col¬ 


lected, for easy reference, in Table 
2 -1. The equation numbers given 
in the table correspond to the 
earlier appearance of those equa¬ 
tions in the text. Where no such 
number is given, the correspond¬ 
ing equation does not appear 
explicitly in the text but is a sim¬ 
ple extension or special case of one 
of the numbered equations. 

Aside from these transmission¬ 
line equations, a number of rela¬ 
tions of miscellaneous character 
are frequently useful. Several 



Fig. 2*10.—Relation between VSWR and 
(a) reflection coefficient I\ (i>) power re¬ 
flected P r , (c) power transmitted P,. 


such relations, valid for ideal or low-loss lines, are tabulated in Table 
2 -2. Figures 2-10, 2-11, and 2-12 present some of these relations in 
graphical form. 

Most of the relations should be clear from the table, but Items 4, 5, 
and 6 of Table 2-2 may require additional explanation. Item 4 is likely to 
prove confusing unless one notes particularly that it is the net power trans- 
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mitted to the load which is being considered. This power may be calcu¬ 
lated by considering the conditions at a voltage maximum, Item 26, when 
the voltage there has the breakdown value F&. The net power trans¬ 
ferred into the impedance R by this breakdown voltage is 


_l n_in 

2 rZo 


( 100 ) 


For a matched line r = 1, the power is 



and Item 4 follows: 

Pt = 1 
P m r 


( 101 ) 

( 102 ) 


Item 5 may be clarified by noting that, in a section of line in which a 
reflected wave exists, the mean-square current in the walls is larger, for a 

given net power transfer to the 
load, than if a pure traveling wave 
were in the line. This means that 
the actual ohmic loss ir the walls 
is increased because of the pres¬ 
ence of standing waves. Simi¬ 
larly, the ohmic loss in the 
dielectric of the line is higher 
because of an increase in the mean- 
square voltage across the line. If 
we consider a half wavelength of 
line, both current and voltage go 
through a complete cycle of varia- 
Fig. 2-ii.— increase in ohmic loss due to tion; therefore, the averaging will 
standing waves. be unique, irrespective of the phase 

of the standing wave along the line section chosen. Item 5 is valid, strictly 
speaking, only for an integral number of half wavelengths or for those 
lengths containing a sufficient number of half wavelengths to make phase 
effects negligible. In the latter case, however, the total loss must be so low 
that the value of r is essentially constant. If this is not the case, the actual 
loss-increase factor will lie somewhere between these factors calculated 
on the basis of the values of r at input and output ends of the line section 



considered. 

It is true here, as it is in general, that the power lost per unit length 
P L must correspond to the decrease, per unit length, of the net power P 
being transmitted toward the load. Since the power decreases exponen¬ 
tially, P - P 0 e _2a *, we have 
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Consequently we obtain the general relation 


In the present instance, the power loss is the sum of that loss caused by 
incident and reflected waves. If the conductors have a resistance R per 
unit length, this is 

Pl = \ (I'R + p r li) = i nit (1 + H). (105) 


By Eq. (52), the net power transmitted is 

P = i(/?Z 0 - P r Z 0 ) = mZo(l - r 2 ). 
By Eq. (104), the attenuation is 

„ = A d + r 2 ) 
r 2Z„ (l - r 2 )' 

For matched lines T *= 0, we obtain from Eq. (107) 

R 

am 2Z 0 

After division, Item 5 is 

Or _ 1 + r 2 r 2 + 1 
1 - r 2 2r ’ 

where Item 16 has been used to obtain the final term. 


(106) 

(107) 

(108) 
(109) 


It must be recognized that this 
effect is quite distinct from that of 
Item 3, which must be considered in 
addition to the ohmic loss factor. 
By using a suitable impedance trans¬ 
former at the input end of a section 
of line on which standing waves 
exist, all the power available at that 
point may be caused to enter the line 
section; but if its output end is mis¬ 
matched instead of matched, a greater 
percentage of power will be used to 
supply losses in the line section. 



Item 6 of Table 2-2 is offered with¬ 
out proof, since proof is rather diffi- 


Fig. 2-12.—Voltage standing-wave ratio 
for susceptance-shunting matched line. 


cult to obtain on the basis of the transmission-line theory developed in the 
present chapter; it may, however, be proved by the use of network theory 
(see Chap. 10). It has been assumed that the line losses are small; hence, 
each value of r remains substantially constant in passing from the dis- 



Table 2*1. —Summary of Transmission Line Equations 
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Table 21. —Summary of Transmission Line 
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= ordinary attenuation constant; matched line, r = 1 

= attenuation constant allowing for increased ohmic loss caused by standing waves 
(VSWR - r) 





P + 4 
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continuity giving rise to it to the next discontinuity. For mathematical 
convenience, the st and i ng -wave ratios have been numbered with sub¬ 
scripts assigned in the order of increasing values. Since r is, by definition, 
equal to or greater than unity, whenever the formulas give values less 
than unity, the true minimum is unity. By proper phasing of the various 
discontinuities, any value of resultant VSWR between the minim um and 
maximum values indicated is attainable. 


TRANSMISSION LINES AS GUIDES FOR ELECTROMAGNETIC WAVES 
2*7. The Guided-wave Concept—Unfortunately, the conventional 
tr «.nsTnisai nn -linft theory outlined above is limited in its application to 
lines with two or more conductors, such as coaxial or parallel-wire lines. 
Even these simple lines may propagate waves in which the distribution 




E - 

H - 

Out of paper • 
Into paper o 


A portion of theory-plane 


ll 

—z 


A portion of the yz-plane 


Fig. 2-13.—Fields in a plane wave in free space. 


of currents and electric fields is more complicated than the assumptions 
of the conventional theory permit. To study these so-called “higher 
modes,” a more comprehensive approach must be made. This is 
afforded by the application of electromagnetic theory to the problem. 
Whereas the conventional theory chiefly considers currents and voltages, 
the electromagnetic theory is primarily concerned with the electric and 
magnetic fields associated with these currents and voltages. The con¬ 
cept of the propagation of energy through space in the form of an electro¬ 
magnetic wave is one which is familiar in connection with radio and light 
waves. The electric and magnetic fields for a portion of an infinitely 
large wavefront are shown in Fig. 2*13. The wave is being propagated 
(vector P) in the positive 2 -direction, toward the reader; in Fig. 2*13 a 
small portion of the yz-plane is shown. The wave is being propagated 
to the right and the distance X 0 , between points of identical phase, is 
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indicated. The only electric field present is E v , and the only magnetic 
field is H x . Both are uniform over the zy-plane, and vary, with time and 
2 -coordinate, as For free space, a is 0, so 7 = j/S = j2ir/\ 0 . The 

velocity of propagation is identical with the phase velocity, 

c — 1/ y/fioe 0 = 2.99776 X 10 8 m/sec. 

There is a unique relation between E and H in such a plane wave. 

E = y/no/ c 0 H; 

the quantity a/moAo is called the “wave impedance of free space” and 
has the value 376.7 ohms. 

A transmission line may be regarded as a guide which confines the 
electromagnetic energy to the dielectric medium that comprises part of 
the line, thereby permitting its propagation with relatively high efficiency 
along the line. In a coaxial line, for example, the electric and magnetic 
fields are confined to the space between the outer and inner cylinders. 
At the boundary between dielectric medium and metallic conductor, a 
sharp discontinuity in electrical properties occurs. The hi gh conductiv¬ 
ity of the metal wall gives rise to boundary conditions which impose cer¬ 
tain restrictions on the form of the electric and magnetic fields which may 
exist within the dielectric. A consequence of the good conductivity 
of the metallic walls is this: electrical currents are induced in the walls by 
the magnetic fields, thus providing a connecting link between the con¬ 
ventional viewpoint and the electromagnetic-wave approach. For 
simple transmission lines, the voltage between conductors is simply the 
integral of the electric field; this provides another connecting link, 

The electromagnetic-wave concept is based on the fundamental set of 
equations known as Maxwell’s Equations. These equations draw on 
experimental and theoretical contributions of Gauss, Ampere, and 
Faraday as well as on those of Maxwell, who incorporated their various 
theories into one comprehensive electromagnetic theory. These equa¬ 
tions may be expressed in compact vector form as 

div D = p, (HOa) 

div B = 0, (1106) 

curl H = J + ^, (HOc) 

curl E = — ( 110 d) 

where 

D = eE, (Hla) 

and 


B = pH, 


(1116) 
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are the electric and magnetic inductions. The conduction current den¬ 
sity J is related to the electric field by Ohm’s law, 

J = <rE. (112) 

These equations are given here chiefly for reference. It is beyond the 
scope of this volume to carry through a detailed development of trans¬ 
mission-line problems based on these equations. Rather, the general 
procedure for such a development will be outlined briefly and the results 
for specific types of waveguide written. 1 

Let us consider a waveguide which is formed by one or more metallic 
conductors of unspecified cross-sectional form, but which has a uniform 
cross section throughout its length. The most common types of wave¬ 
guide are coaxial cylinders, parallel wires, hollow tubes of rectangular 
cross section, and hollow tubes of 
circular cross section. The present 
discussion applies to any one of 
these as well as to other less com¬ 
mon shapes. For the sake of con¬ 
creteness, let us think of the 
discussion as applying to the rec¬ 
tangular waveguide of Fig. 2-14, 
although the discussion itself will 

Fig. 2-14.— Rectangvdar-wavegmde coordi- ^ kept perfect l y general. It is 

customary to simplify the problem 
by considering first the case of an ideal waveguide with perfectly 
conducting walls. This consideration immediately imposes the bounda¬ 
ry condition that the tangential component of the electric field must 
vanish on all conducting surfaces. The compact vector equations, 
Eqs. (1106) and (HOd), are then expanded into expressions involving 
field components. This expansion is written in that system of coordi¬ 
nates in which the boundary conditions are most easily expressed. Thus, 
for rectangular waveguide the expansion is written in rectangular 
coordinates, while for cylindrical waveguide and for coaxial cylinders the 
cylindrical coordinate system is used. These equations are simplified by 
assuming all the fields to vary sinusoidally in time and to be propagated 
in the axial coordinate direction with a propagation constant y’, that is, 

E = EV" , ~ 1r *, 

H = (113) 

The problem, then, becomes one of finding expressions for the variation of 

1 The same notation and equations to be found in Principles of Microwave Circuits , 
Vol. 8 of the Radiation Laboratories Series, will be used. The reader is referred to 
this volume for an excellent treatment of the subject. 




Sec. 2-7] 


THE GU1DED-WA VE CONCEPT 


39 


the field components in the other two coordinates consistent with the 
field equations and satisfying the boundary conditions. Simple field 
distributions which meet these requirements in three common waveguide 
types are sketched in Fig. 2*15. The mode designations will be explained 
below. 

To recapitulate, the dependence on time and on the axial coordinate 
is assumed to be given by Eq. (113). If equations for the cross-sectional 
dependence of the fields can be 
found which satisfy the field equa¬ 
tions, Eqs. (110c) and (llOd), and 
which require no tangential elec¬ 
tric field on the metallic walls, a 
solution of the waveguide prob¬ 
lem will have been found. 

Although one might fear that no 
such solution can be found by 
this method, it actually turns 
out that an infinite number of 
solutions results. This arises 
from the fact that there are more 



variables and parameters than 
connecting equations. As a mat¬ 
ter of fact, the usual practice is 
to choose one field component 
(usually E t or H t ) equal to zero 
and solve for the remaining field 
components. Even when this is 
done, an infinite set of solutions 
exists which satisfies the connect¬ 
ing equations and the boundary 
conditions. 

If E t = 0, then the vector E 
clearly lies in the plane transverse 



Fig. 2*15.—Fields in waveguides. The 
modes are (a) TEM in coaxial line, ( b ) TEm 
in rectangular tube, (c) TEu in round tube. 


to the propagational axis z. The resulting set of solutions, commonly 
termed “modes,” are designated as transverse electric or TE-modess. If 
H t = 0, the resulting solutions are termed transverse magnetic, or TM- 
modes. In some special cases (for example, coaxial line or two-wire line 
operating in the simplest manner) both E t and H. are zero, and the solution 
is termed transverse electromagnetic, or TEM-mode. It is only to these 
simple cases that the conventional transmission-line theory applies. 

In these simple cases, there is no lower limit on the frequencies that 
may be propagated along the line; nor is the phase velocity dependent on 
the frequency. That is, such a line is nondispersive, and the group and 
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signal velocities are identical with the phase velocity. In the general 
case for a given waveguide, each separate mode of the TE- or TM -series 
is characterized by a frequency below which propagation does not occur. 
This is called the “cutoff frequency” for the particular mode, and the 
associated free-space wavelength is called the “cutoff wavelength.” 
At the cutoff frequency the phase velocity for that mode is infinite and 
drops rapidly as the frequency is increased. Consequently, such modes 
are dis persive, and the group and signal velocities are not equal to the 
phase Velocity. Similarly, the guide wavelength, the distance between 
equiphase points in the waveguide, is infinite at the cutoff frequency and 
drops rapidly as the frequency is increased. 

2*8. Tr ansmission Characteristics of a Simple Parallel-plate Wave¬ 
guide.—In order to visualize better the physical situation that exists in 
a waveguide transmitting an electromagnetic wave, it may be found 



Fig. 2-16.—Portion of a plane wave confined between infinite conducting planes. 

helpful to consider in some detail the fields in a simple waveguide. 
Although a purely mathematical development based on Maxwell’s equa¬ 
tions gives expressions for all the field components and enables one to 
map the fields, an aid to physical understanding is afforded by a con¬ 
sideration of the problem from the standpoint of plane waves. 

Lossless Waveguide .—The type of waveguide easiest to visualize is 
that composed of two parallel planes, Fig. 2*16, infinite in extent and hav¬ 
ing perfect conductivity. The electric field has only a ^-component; 
hence the boundary condition requiring zero electric field tangential to 
the conductor planes is satisfied. The magnetic field, being tangential 
to the conducting planes, induces currents on them as indicated. The 
direction of propagation of the energy is given by the right-hand-screw 
rule: it is the direction of advance of such a screw when turning the vec¬ 
tor E into the vector H, the axis of the screw being perpendicular to the 
plane containing E and H. The wave of Fig. 2-16 is being propagated 
in the positive z-direction, as indicated by the vector P. The direction 
of propagation, as well as the instantaneous rate of transfer of electro- 
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magnetic energy across unit area in this direction, is given by the Poynt- 
ing vector, 

S = E X H, 

E and H being instantaneous values at the point considered. The time 
average of S, taken over a cycle, gives the average power per unit area 
flowing through an infinitesimal element of surface chosen perpendicular 
to the vector S. If we have, at a certain point, only the fields E v and H x , 
where the symbols stand for the amplitude of fields varying sinusoidally 
with time, the average power per unit area will be 

V* = iE v H x . (114) 

The factor £ arises, of course, from the averaging process. If we consider 
a width o, in the x dimension of Fig. 2-16, the power transferred is the 
product of power per unit area p z and the area ofe; 

P = \EyHjpb. (115) 

Since the amplitude of the current for unit width of either conducting 
plane is equal to the amplitude of the magnetic field, 

h = H x ; 

therefore the total current in width a is 

1 = aH x , (116) 

and the amplitude of the voltage between planes is 

V = bEy. (117) 

Substituting Eqs. (116) and (117) in Eq. (115), we obtain 

P - WI, (118) 

which is in agreement with the result obtained by ordinary lt)w-fre- 
quency or conventional transmission-line theory. The equivalent 
characteristic impedance for a section of width a is 



By suitable mathematical manipulation of Maxwell’s equations, it can 
be shown that for a plane wave in a medium whose magnetic permea¬ 
bility is Mn and whose dielectric constant is «i, the ratio between electric 
and magnetic fields is the wave impedance, 
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The relation between the fields in our simple waveguide is not altered 
if we change the plane separation 6. If we increase 6 indefinitely, we 
obtain in the limit an infinite plane wave. Therefore, these fields have 
the same form as those of a plane wave, and Eq. (120) is applicable to the 
simple waveguide. Equation (119) may then be written 


Z e » 



a 


( 121 ) 


Similarly, the phase velocity for a plane wave, propagated in a medium 
whose characteristic constants are hi and ei. may be shown, by use of 
Maxwell’s equations, to be 


\/ Hie l \/keikmi 


( 122 ) 


The intrinsic wavelength in the medium is 


^ _ Vp _ 1 _ A o 

v V 


(123) 


These same relations apply to the simple waveguide that we are dis¬ 
cussing. Since the conduction planes are assumed to be perfectly con¬ 
ducting, no conductor loss is present. Similarly, the dielectric medium is 
assumed to be ideal; therefore there is no dielectric loss. Hence, for the 
simple case we have been considering, the transmission characteristics are 


a = 0, \ 



Waveguide with Losses .—If the dielectric is not ideal but possesses an 
effective conductivity <r h the power dissipated per unit volume is iEfey, 
and the power lost per unit length for a section of waveguide of width a is 

P l = aHEfr i. (125) 

It is true here, as it is in general, that the power lost per unit length Pi 
must correspond to the decrease per unit length of the power P being 
transmitted. Since P = P^~ 2az , we have 


Pi= - 


dP 

dz 


- Poe~ 2az = 2 aP. 
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a 


Pi 

2P 


(126) 


The value of P in this case is found, using Eqs. (116) and (120) to be 



Substituting in Eq. (126) we obtain the dielectric loss factor, 


(127) 


_ * abE fri _ £ fc 
abE'Jil 2 ^ e ‘' 

\ Ml 


(128) 


Although this relation was derived for a certain size of guide, it is clear 
that it holds for any size. Since, in Eq. (126), both P t and P are directly 
proportional to the cross-sectional area, their ratio is independent of the 
guide dimensions. Conventional transmission-line theory, Eq. (57), 
gives 



(2-57) 


The conductance G, per unit length of a waveguide strip of width a, is 


ff-x- 0»> 

The equivalent characteristic admittance Y e plays the part of Y' 0 in the 
previous section. For such a strip Y e is the reciprocal of Z e ; 



Hence, we obtain the dielectric loss by substituting in Eq. (57), 
cwi b [fjii <ri lu\ 

ad ~TT 25-\fc = 2 < 181 > 

Again, the conventional transmission-line theory agrees with electro¬ 
magnetic-wave theory. 

To obtain an accurate expression for the conductor loss, one would 
have to solve the electromagnetic field equations, taking into account the 
finite conductivity crt and the constants m and « 2 , characteristic of the 
conductor material. This would lead to nonvanishing ta.ngpnt.ml com¬ 
ponents of E on conductor surfaces, which may be thought of as arising 
from an ohmic relation between the currents induced in the conductor by 
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the magnetic field and the finite resistivity of the conductor. For any 
ordinary metallic conductor, and for frequencies up to those approaching 
the optical region, this tangential field is very much smaller than the 
normal component of electric field; hence, the following approximate 
method of obtaining the attenuation is good. The relation between the 
complex magnetic field H x and the complex tangential electric field E z , 
at the surface of the conductor, is found to be the so-called “surface 
impedance”; 

Z. = 

Z. = 

The factor (1 + j) indicates that the fields E z and H' x are 45° out of phase 
in time. As a matter of fact, this impedance is merely the intrinsic 
impedance, the ratio of E' to H', for plane-wave propagation in a metal. 
The power flowing into a unit area of each conductor to supply the con¬ 
ductor loss is given by the time average of the y component of the 
Poynting vector. Taking H x as a reference, E z has a component 



in phase with H x , and an equal component out of phase. The time 
average of the Poynting vector is the same as the time average of the 
product of these in-phase fields; thus, 

p ==W^ H *- (133) 

This relation gives the power dissipated per unit area of each conductor in 
terms of the amplitude of the magnetic field H x . It is assumed that H x is, 
to a good approximation, the same as that given by the simple theory in 
which the conductors are assumed to be perfectly conducting. As pre¬ 
viously noted, this assumption is good for ordinary metals at radio fre¬ 
quencies. The total loss in both conductors per unit length of a strip of 
waveguide of width a is 

P, - 2oP, - o HI (134) 

\ <r 2 

The power transmitted is, using Eqs. (115) and (120), 

P = ± abE,H x = 2 ab 


J 


(132) 


(135) 
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Substitution of these expressions in Eq. (126) gives the conductor loss 
factor 



It might seem odd that the strip width a does not appear in this expres¬ 
sion. This is easily understood, however, when it is recalled that both 
power transmitted and power lost are directly proportional to a; hence 
the attenuation, their ratio, is independent of a. As an interesting 
application of this result, let us see what thickness of conducting plane, 
carrying the same total current uniformly distributed, would give the 
same loss. Since the current per unit width is equal to H x , the loss per 
unit area in a sheet of thickness d, which has a conductivity <r 2 , is 




Equating Eqs. (133) and (137) gives 


so that 



(137) 


(138) 


Jt will be noticed that this expression for d is precisely that given by Eq. 
(78) as the “skin depth" or “depth of penetration,” denoted by 5. The 
magnetic field II x , electric field E z , and associated current density J z all 
decrease in amplitude as one passes from the surface y = b into the metal 
of the top plate. Each of the three expressions contains the factor 
e -(v-b)* f so g m ay be interpreted as the distance into the metal required 
for fields and current density to decrease to 1/e of their values on the sur¬ 
face of the metal. 

In this waveguide with losses, the phase constant /3, the characteristic 
impedance Z e , and the wave impedance Z w are all practically the same as 
those for the lossless waveguide already discussed. Small correction 
terms such as those developed in the latter part of Sec. 2-4 would apply 
here as well. The attenuation factor for this simple parallel-plate wave¬ 
guide is, for a strip of width a, 

a = a c + eta, 
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a a = 


a /mi 
2 \«!* 


(139) 


2*9. Rec tangular Waveguide, TEw-mo&e .—Although the simple 
parallel-plate waveguide just discussed is easy to analyze, it is not a 
practical type of waveguide. By a fairly simple extension of the plane- 
wave approach, the TPio-mode in a rectangular waveguide may be 
visualized. Let us take the parallel-plane waveguide of Fig. 2-16 and 



(a) Special waveguide (6) Plane y=b/2, showing incident wave 



(c) Plane y=b/2, showing incident and reflected waves 





t <=° 




(gQ Plane x=af2, showing resultant fields 


Legend for equi-phase lines 
/—•— E y , max+value —j 
Incident | —°— Ey, max-value —| reflected 

l- Ey =0 - * 

Fio. 2-17.—Development of TFio-mode. 


add a conducting wall in the (x = 0)-plane as shown in Fig. 2*17. Let a 
plane wave of the type discussed in Sec. 2-8 approach the plane x = 0 
as shown in Fig. 2-17. The intrinsic wavelength in the medium, as given 
in Eq. (123), is indicated. The direction of propagation makes an 
angle 6 with the x-axis, the normal to the (x = 0)-plane. When this 
incident wave strikes the (x — 0)-plane, it will be reflected in the direc- 
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tion P r in such a way as to satisfy the boundary condition E y = 0 on the 
conducting (x = 0)-plane. The resulting interference pattern is indi¬ 
cated in Fig. 2-17. It will be noted that each positive equiphase line of 
the incident wave intersects a negative equiphase line (its own reflection) 
at the conducting plane x = 0. Similarly, the amplitude of the field E y 
at each point along the conducting plane x — 0 may be shown to be 
zero, as required. A similar situation exists on the (x — o)-plane, where 
each positive equiphase line intersects a negative equiphase line of the 
reflected wave (not its own reflection, but that of the positive equiphase 
line which preceded it by one wavelength). Similarly, at each point of 
the (x = a)-plane the field E y is zero. If we should place a conducting 
sheet in the (x = a)-plane, there would be no tangential electric field 
there, and therefore it would not disturb the electric field pattern. We 
could t>;cn consider the reflected wave P r as being incident on this con¬ 
ductor and as being reflected from it as the wave P' r of Fig. 2*18. This 



wave is in turn reflected in the (x = 0)-plane as P", and so on down the 
waveguide in the z direction. The resulting waveguide is shown in Fig. 
2-19. 

We are now ready for some more quantitative discussions of the 
propagation characteristics. Figure 2-20 represents a section of the 
waveguide just developed, with a minimum number of phase lines drawn 
in and some pertinent dimensions indicated. Some simple trigonometric 
relations enable us to write 



(140) 

cot * = ^ = k- 

(141) 

Division of Eq. (141) by Eq. (140) gives 


_ cot 6 _ 1 

Xi cos 6 sin 8 

(142) 


(143) 


Using Eq. (140), sin 6 may be expressed 

sin B = Vr- cos 2 6 = yjl - ; 
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substituting in Eq. (142), we obtain the desired relation 


K = 



(144) 


Since the cosine function never exceeds unity, Eq. (140) cannot be 
satisfied if Xi is greater than 2a; but it can be satisfied for any Xi smaller 



(c) Top view at Y=b/2 





Fig. 219.—Fields and currents in rectangular waveguide, T-Eio-mode. 


than 2a. S imilar ly, the guide wavelength must equal or exceed Xi, the 
intrinsic wavelength in the medium, in order to satisfy Eq. (142). Both 
of these conclusions are indicated also by Eq. (144), since if Xi exceeds 
2a, \ e become imaginary; and if Xi is less than 2a, X 0 equals or exceeds Xi. 
The “critical” or “cutoff” wavelength is the free-space wavelength X 0 
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associated with Xi = 2a. Using Eq. (123), Xi = X 0 /y/k e k nt , we may 
write 

X e = 2a Vhk mi . (145) 

This is the longest wavelength that will propagate down this waveguide 
in this mode. The corresponding frequency, 


_ c_ _ c 
X c 2a -\Zkekm, 


(146) 


is the cutoff frequency which is approached as the angle 6 approaches 
zero; that is, the wave bounces back and forth across the guide, making 



Fig. 2*20.—Relations in TFio-mode. 


little progress along it. In the limit, at cutoff, the wave bounces back 
and forth across the guide at perpendicular incidence to the walls. 
Applying Eq. (145), we may write Eq. (144) as 


\,= 


Xo/Vfcefcm, 



(147) 


Although this result was derived for a special waveguide and mode, it 
is characteristic of all types of waveguide and of all modes. For each 
case, there is a cutoff wavelength X e which is the longest free-space 
wavelength that may be propagated. The expression for this cutoff 
wavelength, in terms of the dimensions and materials of the waveguide 
being considered, may be obtained for any desired mode by setting up 
and solving the appropriate field equations. The value thus obtained 
may then be used in Eq. (147) to obtain the guide wavelength. 

We now turn our attention to the constants a, (3, and Z 0 . The phase 
constant is 


./T7SV. 


2ir %r 
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The phase velocity, v p = w/0, is 



Since the phase velocity depends on the frequency, the guide is dispersive, 
and the signal and group velocities are not equal to v p . The attenuation 
constant a may be calculated in the same way as that of the parallel- 
plate waveguide of Sec. 2-7, but to do so the magnetic fields should be 
known. In the simple plane-wave treatment of the 7T?io-wave the 
magnetic fields have not been considered, and it does not seem profitable 
to do so since a complicated analysis would be necessary. Both magnetic 
and electric fields are indicated in Fig. 2-15; expressions for them may 
be found elsewhere. 1 When the calculations are made, the resulting 
dielectric attenuation factor is 


oca — 




(150) 


where the prime denotes the corresponding attenuation factor of the 
parallel-plate waveguide, Eq. (139). Similarly, the conductor attenua¬ 
tion is 


1 ft rvutf! 

: b 


1 + 


26 /XiV 

a \2 a) 




(151) 


The last term in the bracket is associated with the losses in the side 
walls at x = 0 and at x = a, and the first one is associated with losses 
on the walls at y = 0 and y = b. Both attenuation factors contain the 
factor X 0 /X 1 , which becomes infinite at the cutoff wavelength; this seems 
reasonable because near cutoff the wave bounces back and forth across 
the guide, suffering attenuation with each crossing but making little 
progress down the guide. When operating far from cutoff, on the other 
hand, X fl /Xi approaches unity and Xi/2o approaches zero, so that both 
attenuations approach the values for the simple parallel-plate waveguide; 
this also seems quite reasonable, since by our reflected-wave concept the 
* See Waveguide Handbook, Vol. 10, Radiation Laboratory Series. 
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wave is now essentially a plane wave traveling parallel to the walls 
of the guide. 

Since a and /S have been discussed, the consideration of characteristic 
impedance may now be studied. For the parallel-plate waveguide there 
was no difficulty in defining the potential difference V between the two 
plates. In the present instance, however, there is only one conductor; 
hence, this definition of V becomes meaningless. Similarly in the 
previous discussion, the current I flowing in unit width of each plate 
of the waveguide was calculated. Now, there are no separate conductors 
carrying current; moreover, some currents flow transverse to the direction 
of propagation, as indicated in Fig. 2*19. These transverse currents, 
however, are not associated with the magnetic field component H x which 
enters into the Poynting-vector expression for power propagated in the z 
direction. The top and bottom walls of the waveguide of Fig. 2*19 may 
be considered as forming a sort of parallel-strip transmission line and 
carrying currents in opposite directions. Let us calculate the total 
longitudinal current in the lower strip, in the (y = 0 )-plane, and its 
negative in the top strip. This gives for the total longitudinal current, 

h = \ aH x . (152) 

Here H x , the amplitude of the magnetic field, is equal to the current per 
unit width at the center, and the factor 2 /ir arises from averaging the 
sinusoidally varying magnetic field across the width a. The definition 
of a reasonable voltage between top and bottom walls is a still more 
difficult matter. The voltage is zero at the side walls, at x — 0 and at 
x = a, and has the amplitude bE v at the center. Some sort of averaging 
appears to be in order. Let us choose, if possible, an averaging factor 
so that an effective voltage V e results which is defined by the equation 
P = *VJi. (153) 

When the Poynting vector is integrated over the cross section and 
averaged in time, the power is found to be 

P = -£ EyHx. (154) 

Equating Eqs. (153) and (154), and using Eq. (152), we obtain 
17 abE y H x 

e 2ir~’ 

= \bE v . (155) 

The effective voltage so defined is lower than the integrated voltage 
across the center of the waveguide by the factor ir/4. However, this 
factor is somewhat higher than the factor 2 /ir which would be obtained 
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by a simple averaging across the a dimension. This seems reasonable, 
since the longitudinal current associated with the voltage is strongest 
at the center; and, consequently, the higher voltages at the center should 
be given greater weight in the averaging process than the lower voltages 
nearer the side walls. 

In the procedure outlined above the transverse currents were ignored 
and the total longitudinal current flowing in the top and bottom walls was 
calculated. Then an effective voltage was defined as that voltage which, 
when used in conjunction with the longitudinal current just calculated, 
would give the power being transmitted. There can be no doubt that 
the current and voltage so defined are appropriate for the purpose of 
calculating power transmission. They are not the only definitions which 
could be used, of course. One might begin by choosing the maximum 
voltage bE v to be the voltage V, though this does not seem particularly 
logical. An effective current could then be defined in such a way that 
it could be used to calculate transmitted power. Although this com¬ 
bination of V and I would give the proper value for power, it does not 
seem nearly so logical as the method which was originally used. In 
fact, the original method seems so plausible that one is tempted to use 
the current and voltage so defined to calculate an effective characteristic 
impedance; 


7 - If - 

Le ' h ~ 8 aH ; 


(156) 


In attempting to define any such equivalent characteristic impedance 
one enters into a very controversial subject. There can be no denying 
that this is the proper definition on the basis of power transmission and 
total longitudinal current, for that is the basis on which it was derived. 
Thus it is certainly true that 

P = tf\Ze. (157) 


It is when one begins to extend an impedance defined on a certain basis 
to other uses that trouble and controversy arise. A number of different 
definitions, each useful for certain purposes, have been proposed. Three 
of these, based on the maximum voltage V , total longitudinal current I, 
and power P, are given by Schelkunoff j 1 


_ _ V _ 7T bE v 

Ay., - -r - 2 aJTJ 


Zr.v — 


I 

II = O bE v 

2 P aHj 

2P 7T 2 bE v 

J 2 8 aH x ' 


(158) 


1 S. A. Schelkunoff, Electromagnetic Waves, Van Nostrand, New York, 1943, Chap. 
8. p. 319. ' 
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The last of these is the one which we obtained above. It will be noted 
that all these impedances involve the dimensions of the waveguide in 
the same way and differ only by numerical constants. They are all 
proportional to the wave impedance Z w — E y /H x , which may be shown 
to be 


Z w 



(159) 


Slater 1 proposes the evaluation of the numerical factor of Eq. (158) by 
requiring that, as a approaches infinity, the expression be asymptotic to 
that for a parallel-plane waveguide, Eq. (119). 

In any case, there is little need for an actual numerical value in ohms 
which may be quoted as the characteristic impedance of a waveguide. 
In most cases what is really important is the impedance, on whatever 
basis one wishes to conceive it, at a given position z along a waveguide 
relative to the characteristic impedance, on the same basis, of the wave¬ 
guide. This relative impedance will be independent of whether one (a) 
thinks of impedance as maximum voltage over total longitudinal current 
and uses Z r ,i, or (5) thinks of impedance as our effective voltage V « 
divided by the total longitudinal current and uses Z e . 

Perhaps the most satisfactory procedure of all, from the point of view 
of valid concepts, is to consider impedance as the ratio of transverse E to 
transverse H and use the wave impedance Z w . This concept gives 
exactly the same relative impedance as those involving currents and 
voltages, since the maximum voltage and total longitudinal current are 
directly proportional to the maximum transverse electric and magnetic 
fields, respectively. 

It is only when one wishes to predict what will happen, when two 
different waveguides are joined, that the way in which the dimensions 
enter into an expression for characteristic impedance must be considered. 
Even in this case, the numerical constant involved need not be specified, 
since it will cancel out when the expression for the impedance of one 
waveguide relative to the other is written. Thus, let us join two wave¬ 
guides whose dimensions are, respectively, a h b lt and a 2 , & 2 . Assume the 
dielectrics filling them to have constants m, e lf and /x 2 , e 2 , and intrinsic 
wavelengths Xi and X 2 . By any of the relations given above, the imped¬ 
ance ratio will be 



1 J. C. Slater, Microwave Transmission, 1st ed., McGraw-Hill, New York 1942 
Chap. 4, p 185. 




54 


ELEMENTARY LINE THEORY 


[Sec. 2*10 


The assumption that the reflection from the junction will behave in the 
manner implied by Eq. (160) is unjustified. All the equivalent character¬ 
istic impedances are defined on the basis of a single uniform waveguide, and 
there is no reason to expect them to be particularly significant in predict¬ 
ing what will happen when two different waveguides are joined. In order 
to solve this problem theoretically, one must treat it as a boundary-value 
problem in electromagnetic theory. After laborious calculation, one 
finds 1 that, for small changes in dimensions, Eq. (160) does indeed repre¬ 
sent the situation rather accurately. For small changes in a and b, the 
reflections introduced are those which would be expected to result from 
the joining of two ideal transmission lines whose relative impedance is 
given by this equation. For large changes in dimensions, the real part 
of the impedance mismatch at the junction is still given by Eq. (160); 
but, in addition, a shunt susceptance appears in the equivalent circuit. 
This introduction of a shunt susceptance at a step discontinuity in 
a transmission line is characteristic of the behavior of sudden 
discontinuities. 

2*10. Characteristics of Some Common Waveguides. —The three 
types of waveguide most commonly used in microwave transmission are: 
(1) coaxial lines, (2) round tubing, and (3) rectangular tubing. The elec¬ 
tric and magnetic field distributions in the “lowest mode” that may be 
propagated in each type are indicated in Columns 1, 2, and 4 of Fig. 2-21. 
By “lowest mode” is meant the field pattern characterized by the lowest 
cutoff frequency (or longest cutoff wavelength). A coaxial line may 
propagate any frequency, including, of course, zero frequency, but the 
other two types of waveguide have a definite lower limit of frequency (or 
upper limit of wavelength), as indicated in Columns 2 and 4. 

Round waveguide is seldom used as a transmission line because of 
difficulties arising from the fact that there is no unique direction of 
polarization of the fields. That is to say, the field pattern of Column 2 of 
Fig. 2-21 may be rotated through any angle about the axis of the tube. 
Imperfections in the tubing and bends required in installing it tend to 
introduce other components of polarization which then get out of phase, 
resulting in elliptical polarization of the waves. 

As a matter of fact, the second or TMoi-mode, Column 3 of Fig. 2-21, 
in round waveguide is more frequently used than the lowest mode. The 
fields in the TMo l-mode possess symmetry about the axis of the tube; 
this mode is suitable for rotary joints (see Secs, 6-20 and 7*4), and is 
frequently used in this way. 

In Fig. 2-22 the next higher modes are presented. The cutoff wave¬ 
length given for the coaxial-line mode is only approximate, but it is a very 
good approximation for lines whose diameter ratio b/a is low. For a 

1 See Waveguide Handbook, Vol. 10, Radiation Laboratory Series. 




commonly used in waveguide. 
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diameter ratio of 2.3 (50-ohm air-filled line) the approximation gives a 
result which is 3.2 per cent above the correct cutoff wavelength. 

The TE 2 o-mode given for rectangular waveguide is the second mode if 
6 < a/2, but if b > a/2 the second mode is the TJE? 0 i-mode. The TE 0 v 
mode may be considered to be the TE i 0 -mode polarized at 90° to that 
shown in Fig. 2-21, and the cutoff wavelength is merely 26. Rectangular 
waveguides are commonly chosen with the dimensions a = 26; conse¬ 
quently both TE 2 (r and TFor modes have half the cutoff wavelength of the 
TFio-mode. This choice permits propagation of the TE io-mode alone 
between X = 2a and X = a. This twofold factor is to be compared with 
the factor 1.31 within which the TE n -mode in round waveguide has 
exclusive rights and with the infinite factor (though limited wavelength 
range) for which the TEM mode in coaxial line holds exclusive rights. 

The first two diagrams 1 of Fig. 2-23 illustrate waveguides that are 
essentially compact versions of the basic TEio-mode of rectangular 



Fig. 2*23.—Miscellaneous types of waveguides. 


waveguide. The third 2 may be thought of as a ^Fio-mode in rectangular 
waveguide with capacity loading introduced by the ridge. The approxi¬ 
mate cutoff wavelength given in the figure is taken from Ramo and 
Whinnery. 

The mode shown in the elliptical pipe is the lowest mode, termed by 
Chu 8 the e H x wave. It corresponds to the TEu-mode in round waveguide 
and to the TE xo-mode in rectangular waveguide. The next higher mode 
in elliptical pipe will, in general, be the „Hi wave, which is like the mode 

1 W. L. Barrow and H. Schaevitz, “Hollow Pipes of Relatively Small Dimensions,” 
Trans. A.I.E.E., 60, (Mar. 22, 1943). 

2 S. B. Cohn, “Properties of Ridge Waveguide,” RRL Report No. 411-211, Aug. 
1945; S. Ramo and J. R. Whinnery, Fields and Waves in Modem Radio , Wiley, 1944, 
p. 364. 

*L. J. Chu, “Electromagnetic Waves in Hollow Elliptic Pipes of Metal,” J 
Applied Phys., IX, No. 9 (Sept. 1938). 
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shown but polarized at 90° from that shown. It has a higher cutoff 
frequency (shorter X c ) and may thus be eliminated in a certain wavelength 
interval, leaving the mode shown in complete possession. In this respect 
it partakes of the advantage of the rectangular waveguide, still retaining 
some of the advantages of round waveguide. 

The attenuation formulas of Fig. 2-21 give only the attenuation caused 
by the finite conductivity of the walls of an air-filled copper waveguide. 
The attenuation due to the walls will be altered if a wall of different con¬ 
ductivity is used or if a dielectric whose properties differ from that of air is 
used. If we let the characteristics of copper be denoted by subscript c, 
and those of an alternative material by subscript 2, the attenuation of an 
air-filled waveguide of the new material may be found by multiplying 
the formulas by the factor 


& 

«c \ff 2 


(161) 


If a waveguide be filled with a dielectric whose relative inductive capacity 
is ke t , the cutoff wavelength is increased by the factor 


VST. 

X c (air) v 1 


(162) 


At the same time, the attenuation and guide wavelengths are altered. 1 

Two quantities which are frequently of interest but which have been 
omitted from the figures are: (a) specific wave impedance, and (&) loss in 
the dielectric. These have been omitted because it is possible to give 
them in terms which are generally applicable to all waveguides. 

The specific wave impedance is defined as the ratio of transverse 
components of electric and magnetic fields, 

Zw = ~ (163) 


This ratio is constant over the guide cross section for any waveguide 
mode. For air-filled waveguides transmitting TSM-modes, it is simply 
the so-called “impedance of free space,” 

Ztem = fo = « 377 ohms. (164) 

\ Co 

For all modes the wave impedance approaches this value for wavelengths 
much shorter than the cutoff wavelength of the mode. Usually it 
differs from this value by a factor depending on the ratio X 0 /X c . For all 
x See, for instance, R. I. Sarbacher and W. A. Edson, Hyper and Ultrahigh Fre¬ 
quency Engineering, 1st ed., Wiley, New York, 1943, Chapters 6 and 7. 
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TE- and TM-modes the wave impedance for air-filled guides is given 
respectively by 


Zte = 


Ztm — 



(165) 

(166) 


If the waveguide is filled with a dielectric characterized by m and d, these 
relations become 



Ztm - ~ 


(167) 

(168) 

(169) 


where fi is the intrinsic impedance of the medium, Xi is the intrinsic 
wavelength in the medium, and \ g is the actual guide wavelength in the 
dielectric-filled waveguide. 

The dielectric attenuation constant for TEM -modes is independent 
of the dimensions or form of the waveguide, and it has been shown 1 to be 


CtdTF.M 


_ <ri ImI 

2 \ei 


2 * 


A more useful form is derived from Eq. (98), 


\lk m k e 

«i = 27.3 — 1 tan 8 db/m. 


(170) 


(171) 


For both TE- and TM-modes the dielectric attenuation factors are 
increased to 




(172) 


TRANSMISSION-LINE CHARTS AND IMPEDANCE-MATCHING 

The way in which voltage and current vary along a transmission line 
has been discussed in Secs. 2-1 and 2-2. In later sections it has been 
1 See Eq. (84) for coaxial line, and Eq. (131) for parallel-plate waveguide. 
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shown that the electric and magnetic fields in waveguides vary in a similar 
way and may be described in terms of analogous line constants a, (3, and 
Z o or Z w . In Sec. 2-3 the concept of impedance was introduced, the 
complex impedance at any position along the line being defined as the 
ratio of the complex voltage at that position to the complex current there. 
An analogous quantity for waveguides was later seen to be the ratio of 
complex electric field to complex magnetic field. The concepts of reflec¬ 
tion coefficient and standing waves also were introduced in Sec. 2-3, and 
later these were extended to waveguides. A clear understanding of these 
concepts and of the way in which the various quantities vary along the 
line or guide is a valuable aid in the design of microwave transmission 
circuits and in the understanding of their behavior. The equations 
developed in Sec. 2-3 enable one to calculate the relations between these 
quantities and the way they vary along the line. A clearer insight into 
the meaning of these relationships is afforded, and a valuable aid in the 
rapid solution of practical problems is gained by the graphical representa¬ 
tions of the equations which will be presented in the following sections. 

2*11. Reflection-coefficient Chart with Impedance Contours, Smith 
Chart.—One of the most instructive and convenient charts is that based 
on a polar plot of the reflection coefficient, Eq. (26) and Fig. 2-4. The 
chart might equally well be con¬ 
sidered as based on the relative 
voltage diagram of Fig. 2-5. Let 
R \ us consider the transmission line 
of Fig. 2-24, which is assumed for 
simplicity to have no loss (that is, 
„ z ~ * , . . . Z ',P a = 0) but to have a phase con- 

Fig. 2*24.—Terminated transmission line. 

stant /3 and a real characteristic 
impedance Z<,. If we terminate this line at the point z = 0 in a pure 
resistance Ri, which is larger than Z 0 , we calculate the reflection coef¬ 
ficient at z — 0 from Eq. (21) as 



„ B _ R x — Z 0 
10 A Ri + Zo 


(173) 


This is real, positive, and less than unity, as indicated in Fig. 2-25a. 
The relative voltage, taking the incident voltage as unity, is Vq = 1 r 0 , 

as indicated in Fig. 2-256. Equation (173) shows that the reflected voltage 
\s in phase with the incident voltage, which is reasonable, since the load 
is real and lies between Zo and infinity or open-circuit impedance. 
Similarly, the relative current, considering the incident current as unity, 
is Io = 1 — r 0 , as shown in Fig. 2-25c. At the point z = —l, the vector 
To has rotated through an angle —2(31 with the resulting changes to r, 
V', and I'. It should be recalled from Sec. 2-3 that 
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T = Toe~ m , \ 

V = (1 + r)V ioc = V'Vinc, } (174) 

i = (1 - r)i in „ = I'i inc = rv^/Zo.) 

It is clear from Fig. 2-25 that the relative voltage has its maximum value 
1 + |r„| at the load and its minimum value of 1 — |r 0 | a quarter wave¬ 
length away. The separate quantities of Fig. 2-25 have been combined 



Fig. 2-25.—Vector diagrams of (a) reflection coefficient, (b) relative voltage, and (c) relative 
current. 


into one diagram in Fig. 2-26; the relative voltage has been resolved into 
components V( in phase with the current and out of phase with it. A 
simple theorem in plane geometry requires that the intersection point Q 
lie on the circle. The impedance is found from Eq. (174) to be 


Z _ V _ V'Vue _ V' 

^yz~T z °- (175) 

Zo 

The impedance relative to Z r 
expressed in terms of the compo¬ 
nents of V\ is 



In terms of the angle a, the com¬ 
plex vectors are 

I = nv°, 

v; = Ml** 

v; = |V£|e«'/ 2 -»>. 

Substitution in Eq. (176) gives 



Fig. 2 - 26 . —Basic diagram for reflection- 
coefficient impedance chart. 


, |V£|e~ ,(x/2-o) 
+ |I'k“ ' 

iivil 


Z = \V[\e ia 
Zo |I'|e** 

= jvii__ 

U'l II'I • 


(177) 
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This may be written 

Z ' = R'+jX', (178) 

where we have defined 

z '=i’ 

! (l79) 

y- _ 1 - _ ffi! 

z. _ in'/ 

It should be obvious that whenever P lies in the lower half of the diagram 
the ratio V'JV will have a phase angle —jir/2, resulting in a negative 
sign for the reactance X'. On the other hand, when it lies in the upper 
half, X' will be positive. 

The position of the point P within the circle of Fig. 2*26 is seen to 
determine r, V', I', and through them the components R' and X' of the 



(a) (6) 

Fig. 2-27.—Circles of constant resistance. 


impedance Z'. In Fig. 2*27a the circle marked R' = 1 is the locus traced 

|V'| 

by the point P moving in such a way that R' = -tjt- remains constant and 


equal to unity. Other circles, each representing a different value of R', 
are shown in Fig. 2*276. The fact that these loci are circles is not obvious 
at first but may be shown by simple analytic geometry. Similarly, the 
locus of points P such that X’ = {Vsl/lIJ has the value +1 is shown in 
Fig. 2*28a. Other curves of constant reactance are shown in Fig. 2*286. 
These curves are arcs of circles whose centers lie on the vertical line 


through the point S, as may be shown by analytic geometry. 

When the two sets of circles of Figs. 2*27 and 2*28 are superposed as in 
Fig. 2*29, they form a gridwork of orthogonal circles. Using this grid- 
work as a coordinate system, one may read the related impedance com¬ 
ponents R' and X' by plotting on this chart the point P corresponding to 
any given reflection coefficient r. This type of chart was developed by 
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P. H. Smith 1 of the Bell Telephone Laboratories and is frequently referred 
to as the “Smith chart.” To avoid confusing the diagram, the actual 
lines of the polar coordinates needed for plotting V are omitted. Instead, 
the arm shown is pivoted at the center; and its radial scale together with 
the phase scale around the circumference of the chart enables one to 
plot the points. The phase scale is calibrated directly in wavelengths; 
when l varies through X/2, the phase angle 2j 81 = 4 ttI/\ varies through a 
complete cycle, 2ir radians. On a purely logical basis one would choose 
the positive direction as the reference or zero-phase direction, since this 
corresponds to zero-phase angle for the vector r of Fig. 2-25. It is com¬ 
mon practice, however, to refer phase measurements in transmission lines 



(a) (fe) 

Fig. 2-28.—Circles of constant reactance. 


to the voltage minimum since it can be located more precisely than the 
maximum, particularly in the case of large standing-wave ratios. This 
practice is followed in the Smith chart, as it is in most transmission-line 
impedance charts; hence, the zero-phase line is the line from Z' = 1 to 
Z' = 0, and refers to the voltage minimum. The radial scale is calibrated 
in terms of the standing-wave ratio rather than directly in terms of reflec¬ 
tion coefficient. The simple connecting relations were given by Eqs. (33) 
and (34) 



A number of ways of expressing standing-wave ratios have been used. 
Some people use “voltage standing-wave ratio,” while others prefer to use 
the square of this which is sometimes called “power standing-wave ratio.” 
In both cases, there have been those who expressed the ratio as mayimnm 

1 P. H. Smith, “Transmission Line Calculator,” Electronics (Jan. 1939); “An 
Improved Transmission Line Calculator,” Electronics (Jan. 1944). 
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Fig. 2-29.—Circular form of transmission-line calculator. ( P . H. Smith, “Electronics 
January 1939.) 


over minimum, giving a number in the range unity to infinity; others used 
the minimum over ma ximum and obtained numbers in the range unity to 
zero. There seems to be emerging a general preference in favor of using 
the voltage standing-wave ratio exceeding unity, 



( 181 ) 


which is abbreviated to VSWR. This is, of course, the same in value as 
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I max/1 min) the only difference being a shift of a quarter wavelength in posi¬ 
tion of the maxima and minima. The scale marked on the arm of the 
Smith chart shown is the reciprocal of this, that is, 1/r. In the later 
version of his chart, in the 1944 article, Smith adopts the ratio r. Another 
definition of standing-wave ratio which is sometimes convenient is in 
terms of decibels, 

SWR (db) = 20 logic r. (182) 


If one is accustomed to thinking in terms of the so-called “power stand¬ 
ing-wave ratio,” Eq. (182) would be written as 10 logio r 2 , which would 
give the same db standing-wave ratio. 

In any case, the conversion is made from the linear radial scale of 
reflection coefficient to a scale reading directly in whatever standing-wave 
ratio one prefers to use. In addition, a number of other useful scales 
which are related directly to the reflection coefficient may be included on 
the arm. The scale marked “attenuation in 1-decibel steps” is useful in 
calculating impedance transformations when the line loss is not negligible. 
It is used to introduce the factor e~ 2al , by which the reflection coefficient 
decreases going a distance l toward the generator clockwise, or e 2aI , by 
which it increases going in the reverse direction. The power transmitted 
by a running wave contains the same factor e~ 2al , though it decreases 
toward the load rather than increasing as does the reflection coefficient. 
Another method of using this type of chart has been found very useful, 
especially when transforming a number of plotted points simultaneously 
through a specified distance along the line is desired. A sheet of tracing 
paper is laid over the chart and the points P are plotted on it rather than 
on the chart. To transform the points along the line, the tracing paper is 
pivoted at the center and rotated through the desired number of wave¬ 
lengths in the proper direction, as indicated on the wavelength scales. 
The new impedance values may then be read from the chart. 

An especially good example of the usefulness of the tracing-paper 
technique is offered by its application to the discussion of the impedance¬ 
tuning characteristics of variable transformers (see Chap. 8). It has been 
found convenient to mount the chart on a plywood board and to pivot the 
tracing paper by sticking a glass-headed thumbtack into the center. In 
plotting experimental data, marks are first made on the tracing paper at 
0 and 0.25X of the phase scale and labeled accordingly. If the load is a real 
impedance 12 1 > Z 0 , the pointP may be plotted at the proper place along the 
real axis to the right of center, as in Fig. 2-30.. The load is, in this case, at a 
voltage maximum, and the voltage standing-wave ratio is, using Eq. (183), 


Ti 


= 1 + l r *l = 

1 ~ |ri| 




(183) 
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This fact, that r is equal to the relative impedance R' for real loads 
R > Z 0 , is very useful in the tracing-paper method of plotting experi¬ 
mental data. It makes easily available a scale of the same type fur¬ 
nished by the arm of the Smith chart, converting |r| to r. Asa corollary 
to this observation, it is useful to remember that, at any voltage maxi¬ 
mum, the impedance in the line is real and greater than Z 0 by the factor r. 
If it is desirable to find the impedance a distance l toward the load from 
such a voltage maximum, one may simply describe an arc in the counter¬ 
clockwise direction about the center of the chart, as in Fig. 2-30 a. The 



radius of the arc is determined by the value of r, and the angle of the arc 
is indicated by the outer wavelength scale. An alternative method of 
plotting the point P which does not require compass or straightedge is 
indicated in Fig. 2-306. The outer scale of the Smith chart gives directly 
the distance l below the index mark labeled OX. When the tracing paper 
is returned to the original position as in Fig. 2-30a, the point P represents 
the impedance at a distance l toward the load from a voltage maximum. 
If the distance from the reference point in the load to the closest voltage 
maximum is Z— T the impedance of the load is plotted by applying the 
above procedure using the value Zmai for the length l. Frequently, the 
distance Indn to the nearest voltage minimum, rather than the distance 
I*-., is obtained in taking data. Since these two distances differ by exactly 
a quarter wavelength or one-half turn on the chart, it is necessary merely 
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to turn the tracing paper through 180° and use the index labeled Q.25X 
in conjunction with the outer wavelength scale to read l m]a . 

The method of deriving the impedance components R and X by cur¬ 
rent and voltage vectors, as in Eq. (179), gives a certain insight into the 
current and voltage relations existing. However, it is more direct to 
calculate the components of Z by the use of Eq. (21), 


r _ Z - Zq 
z + Zo* 


(184) 


Introducing relative impedance and its components, we obtain 

r _Z'-l_R' +jX> - 1 
Z' + l R'+jX' + l 

The real and imaginary components of r are then 

R' + X' 2 — 1 j2X 

(. R ' + l) 2 + X ' 2 ( R ' + l) 2 + X' 2 ‘ 


(185) 


(186) 


2*12. Other Types of Transmission-line Charts.—The chart based on 
the reflection coefficient has thus far been correlated with a gridwork of 
impedance contours. In certain problems other types of contour lines, 
such as Y = G + jB, Z = \Z\/6, or Y = \Y\/<j>, are much more useful. 


It is sometimes desired to base the 
admittance plane rather than on 
the reflection-coefficient circle. 

Smith Admittance Chart .—In 
the previous section the point P 
was plotted, Fig. 2-26, at the ter¬ 
minus of the relative voltage vec¬ 
tor V' = 1 + r, and the related 
gridwork of R and X circles, Fig. 
2*29, was derived, thus enabling 
us to read the corresponding com¬ 
ponents of impedance. In a simi¬ 
lar way, we now plot the point 
P', Fig. 2-31, at the terminus of 
the relative current vector I' = 

1 — r and derive the related grid- 
work of admittance circles. We 
1/Z', and write 



chart on a rectangular impedance or 



Fig. 2- 31.—Basic diagram for reflection- 
coefficient admittance chart (cf. Fig. 2*26). 


define Y = 1/Z, Y 0 = 1/Z 0 , Y' = 
= Y' ( 187 ) 


corresponding to Eq. (176). By taking steps exactly analogous to those 
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leading to Eq. (179), we may define the admittance components by 


Y '=G'+jB', 
r , _ G _ |Ii| 

G - To - Tv 7 ! 

n’- B - rci.\ 

B -Tj-ivTl 


(188) 


Since P' in this example lies in the upper half of the diagram, B' has the 
positive sign. 

Whether a gridwork applying to the impedance case or to admittance 
is being derived, the generalized diagram of Fig. 2-32 may be used. The 
point P" represents the appropri¬ 
ate point P or P' f and the vectors 
A 2 , Ai, and C represent the appro¬ 
priate current or voltage vectors. 
The real and imaginary components 
of the coordinates being derived 
are these. 

Real part = 

Imaginary part = ± (189) 

If P" lies in the upper half of the (ha- 
gram, the imaginary part is positive; 
if in the lower half, it is negative. It 
should therefore be evident that the 
admittance components G’ and B’ corresponding to a given position of P’ 
are the same as the impedance components R' and X ' corresponding to the 
same position of P. That is, the gridwork developed for reading the 
components of impedance for a point P plotted at position 1 + r may be 
used also for reading the components of admittance for a point P' plotted 
at position 1 — r. 

A useful property of the Smith chart is now evident. Since points P 
and P' of Fig. 2-31 have as their respective coordinates on the Smith chart 
the impedance and the admittance corresponding to each, this chart 
provides an easy method of converting from admittance to impedance and 
vice versa. This is particularly useful in the tracing-paper method of 
using the chart, since any plotted impedance point or points may be con¬ 
verted readily to the equivalent admittance plot by a simple rotation of 
one-half turn of the tracing paper. Obviously the inverse conversion is 
also accomplished by a half-turn rotation. It may be noticed that the 
half-turn operation performed on an impedance plot may equally well 



Fig. 2»32.—Generalized diagram for 
deriving either impedance or admittance 
chart. 
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be thought of as giving the impedance plot a quarter wavelength down the 
line. This brings out clearly the well-known inversion of impedance by a 
quarter-wavelength section of line. That is, it gives a complex impedance 
equal to the original admittance which is the reciprocal of the original 
impedance. In more general terms, the chart affords a simple means of 
finding the reciprocal of any complex number. 

A word should be said regarding the plotting of data as an admittance 
plot. One obvious method is to plot the data on tracing paper as an 
impedance plot, as outlined in the preceding section, and then to convert 
this impedance plot to an admittance plot by rotating the tracing paper 
half a turn. If one prefers, the admittance may be plotted directly, 
making use of the fact that the normalized admittance at the current 
maximum (voltage minimum) is real, greater than F 0 , and numerically 
equal to r. For admittances (see Fig. 2-30), G/Y 0 = r is the admittance 
at Fmm, P is at a distance l toward the load from V^. If the data are 
taken by measuring the distance l from a voltage minimum, the method of 
Fig. 2-30 plots admittance directly, but if l is measured from a voltage 
maximum it plots impedance directly. It is perhaps simplest to bear this 
in mind and make the direct plot by this method using the data for l in 
whatever form they are taken. The resulting plot may then be converted 
from impedance to admittance or vice versa by a half-turn rotation. 

Charts Expressing Impedance or Admittance in Polar Form. —It is 
sometimes convenient to express the impedance in terms of its magnitude 
|Z| and its phase angle 0, rather than in terms of its components R and X; 
thus, 

Z = |Z|e* (190) 

The process of deriving this chart is quite similar to the previous deriva¬ 
tions, and therefore it will not be carried through in detail. Referring to 
Fig. 2-31, the magnitude and phase angle of the impedance are 


|Z| 

e 


[V'| _ OP 

FI Ts 

<P'OP. 


(191) 


The position of the point P is accordingly represented by the coordinates 
|Z| and 0. The angle 0 is positive when P is above the real axis OS, nega¬ 
tive when it is below. The resulting gridwork of coordinates is shown in 
Fig. 2-33. 

There is naturally a 1-to-l correspondence between a given impedance 
point P on the Smith chart and the point P in the same position in the 
|Z|/0 chart. Each is basically a plot of the relative voltage V'. Using 
this fact, the latter chart may be derived directly from the former simply 
by converting from given rectangular coordinates (R,X) to the polar 
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coordinates (|Z|,0) which define the same impedance. Another conse¬ 
quence of this fact is that the same method of plotting data is used; the 
right half of the diameter OS is marked in terms of R' = r , just as was the 
Smith chart. 

Just as in the case of the Smith chart, the same gridwork of impedance 
coordinates may be used for admittance coordinates provided that the 



Fig. 2-33.—Reflection coefficient chart with |Z| and 0 coordinates. 


proper change in the method of plotting the data is observed. The chart 
is, when used for admittances, a plot of relative current just as the Smith 
chart was when used as an admittance chart. The data-plotting tech¬ 
nique is likewise identical with that for the Smith admittance chart. If 
we let the admittance be expressed as 

Y' = |YV* = ^7. (192) 

the magnitude and angle are 



(193) 
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Magnified Center Portion of Reflection-coefficient Charts .—When it is 
desirable to plot data or calculations precisely, the reflection-coefficient 
chart may be drawn to a large scale. In many cases where such precise 
work is being done the data or calculations involve only small reflection 
coefficients; therefore only the central portion of this large-scale chart is 
needed. One extremely precise version of the central portion of the Smith 
chart is reproduced 1 in Fig. 2-34. It is limited to r ^ 2, which is equiva- 



Fig. 2*34. Enlargement of portion of Smith chart. (This chart prepared by L. F. 
Woodruff for 2nd. ed. of Ultra-High-Frequency Techniques, D. Van Nostrand Co., J. G. 
Brainerd , editor .) 

lent to |r| ^ This chart has been found very useful in the design of 
microwave transmission circuits because it gives a scale which is about as 
large as the data would justify; and plotting any points for which r 
exceeds 2 is seldom necessary. Further magnification is occasionally 
useful, especially in aiding calculations. 

The \Z\/6 type chart may be similarly magnified. One version of this 
chart, drawn to a large scale and including the whole chart, has been 
printed by the Radio Corporation of America. 2 It includes also the 
1 Reproduced by courtesy of L. F. Woodruff of the Elec. Eng. Dept., M.I.T. 

* P. S. Carter. R.C.A. Rev., Ill, No. 3 (Jan. 1939). 
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polar coordinate lines, radii, and circles concentric about the center for 
plotting T. Although these lines have a certain usefulness, they tend to 
confuse the diagram for the average person. 

Rectangular Impedance or Admittance Chart .—In the previous dis¬ 
cussions we used the reflection coefficient as the basis for a transmission¬ 
line chart because it transforms in a simple manner along the line. The 
corresponding resistance and reactance coordinates were then derived; 
they were rather unusual in form. In the present instance we shall begin 
by choosing rectangular coordinates for the resistance and reactance, and 
proceed to plot contour lines on this coordinate system to enable us to 
follow the transformation of impedance along the line. This transforma¬ 
tion is given by Eq. (41), 


of K + 3 tan 1 81 
~ l 1 + jZ' r tan pi 


(194) 


Let us consider again the line of Fig. 2-24. 
becomes 


R[ + j tan fil 
1 + jR[ tan fil 


For this line Eq. (194) 


(195) 


By choosing a particular value for Ri and allowing fil to vary from 0 to 2ir, 
a circle with its center on the real axis as in Fig. 2-35, will be plotted. 
Remembering that R[ is equal to the VSWR, this circle may be considered 
characteristic of the value ri. If a number of values for R[ are chosen, a 
complete set of such circles for various values of r will be mapped. Simi¬ 
larly, the angle fil may be assigned a value and Ri varied from unity to 
infinity. This will map one of the semic rcles centered on the imaginary 
axis, as in Fig. 2*35. This semicircle is characteristic of the value fil, or of 
the length l measured in wavelengths, and may be so marked. When this 
is repeated for a number of values of fil, a set of these semicircles will be 
drawn in. As in the Smith chart, it is the usual practice to consider the 
reference or zero phase to be the real axis from Z' = 1 to Z’ = 0, which is 
the position of the voltage minimum. 

In this type of chart it is necessary to include both the (#,^-coordi¬ 
nates and the (r,^-coordinates. The use of tracing paper has no special 
advantage, since transformations along the line are not effected by a sim¬ 
ple rotation. Data are plotted directly in terms of the measured r and l 
values, l measured from the voltage minimum. If it is desired, a section 
of the chart in the neighborhood of Z’ — 1 may be enlarged just as in the 
case of the chart based on the reflection coefficient. 

In order to use this chart to plot admittances, it is only necessary to 
consider the reference phase line from Z’ = 1 to Z' = 0 as being the 
voltage maximum - To convert from Z' to the corresponding Y' one 
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follows around the standing-wave-ratio circle from the point Z' to a point 
a quarter wavelength away as denoted by the markings on the phase 
circles. 

The transformation of the Smith chart into the rectangular (R-X)- 
plot may be seen qualitatively by inspection and quantitatively by use of 
the mathematical connecting equations. Qualitatively, one sees that 
the upper-half circumference of the Smith chart has been pivoted at the 



(R — X -- 0)-point and bent upward and left and stretched out to form 
the positive imaginary axis of the (72-Z)-plot. In the same way the 
lower-half circumference is bent downward and left to form the negative 
imaginary axis. At the same time, the real axis is stretched out to infinite 
length. 1 he R- and A-circles of the Smith chart are thereby straightened 
out into a rectangular coordinate system. The radial constant-phase 
lines of the Smith chart (not drawn in) are bent into circular arcs passing 
through R' = 1, X' = 0. The set of circles, fo»- constant VSWR or 
[r|, which were concentric in the Smith chart, have been shifted so that 
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each has a different center in the (i2-X)-chart. Mathematically, the 
transformation of coordinates is of the conformal mapping type. The 
complex Z'-plane is transformed into the complex T-plane through 
the relation of Eq. (185), 

r - (196) 

and the inverse transformation is obtained through the inverse form of 
Eq. (196), 

1 + r 


Z' = 


i - r 


(197) 


Previously the circular impedance chart was based on a diagram in 
which the voltage vectors V', Vi, and Vi, of Fig. 2-26, were drawn relative 
to the incident voltage vector, which appears as the unit vector in the 
positive real direction. Since this unit vector also represents the incident 

current, Fig. 2-26 may be thought 
of as a voltage vector diagram 
based on the incident current vec¬ 
tor with the factor Z 0 relating the 
scales of current and voltage; that 
is, since Vi = Z 0 I», we may express 
the voltage vector V' as 
v , _ V _ _V_ _ (V/Z„) 

V - Vi ~ Zoli " Ii 
Now let us rotate the vector dia¬ 
gram so that the vector I', the 
total current, lies along the posi¬ 
tive real axis, and let us also 
Fig. 2-36.—Vector relations for rec- change the scale so that it becomes 
tangular impedance chart, derived from the Unit vector; that is, the Vector 
Fig. 2-26. diagram is now transformed as in 

Fig. 2-36, so that the vector currents and voltages are all expressed 
relative to the total current at the given point in the line. Equation 
(198) now becomes, using V/I = Z, 
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and the components of V become 
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It is, in this way, easy to establish the relations between magnitudes and 
phases of the various currents and voltages by simple construction, using 
a rectangular impedance chart. Although the present procedure neces¬ 
sarily yields results in agreement with the related construction of Fig. 
2-26, transformations of vectors along the line are much more complicated 
than in the earlier case. This is due to the fact that the diagram is now 
based on total current, which changes from point to point; the earlier 
diagram was based on incident current, which remains constant. 

In a similar way, Fig. 2-31 may be transformed into a diagram showing 
the vector relations for a rectangular admittance chart, Fig. 2-37. While 
the original diagrams, Figs. 2*26 and 2*31, are drawn to the same scale, 
based on incident voltage and current, the resulting rectangular diagrams, 
Figs. 2-36 and 2-37, have different scales. This is easily adjusted by 
change of scale, of course, but is 
mentioned as one consequence of 
the transformation. 

2*13. The Choice of a Trans¬ 
mission-line Chart. —In the pre¬ 
ceding sections two different 
forms of chart, a circular one 
based on T and a rectangular 
one based on the components of 
Z or Y, have been described, and 
in either case the chart may be 
used to represent either Z or Y. 

Moreover, the circular chart may 
be used to give either rectangular 
components of Z or Y or the corresponding magnitude and phase angle. 
There are numerous other charts in use, but the ones described are the 
most common, and they are adequate to treat any tr ansmissi on line in a 
clear and convenient manner. The problem of choosing from among 
them the proper chart to represent most clearly the solution to a given 
problem deserves some consideration. In some cases the choice is largely 
a matter of personal preference, but more often a clear choice is indicated. 

Circular vs. Rectangular .—When data are to be plotted simply for 
record purposes or to read R and X components, this choice is largely a 
matter of personal taste. In the following cases, however, the circular 
chart has certain advantages. Frequently the choice of a reference point 
for which the impedance is plotted is rather arbitrary, and it may be 
desired to shift the reference point after plotting the data. If the data are 
plotted on tracing paper over a circular chart, this is easily achieved by a 
simple rotation of the paper. In this way it is frequently possible to 
discover a position for which the variation of a certain parameter leads to a 


+1 


Q 

4 '! 
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Fig. 2-37.—Vector relations for rec¬ 
tangular admittance chart, derived from 
Fig. 2-31. 
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variation in reactance alone or of susceptance, resistance, or conductance 
alone. In the case of the rectangular chart such simple rotations of the 
plotted points are never valid. For the circular chart, rotation is accurate 
for data taken at constant wavelength, in error in phase angle only if not 
at constant wavelength. For slight rotations and small wavelength 
variations, the phase error is not serious. In the rectangular chart, the 
size and shape of the plot of a given set of data at constant wavelength 
depend on the choice of a reference point, while in the circular chart they 
do not. Since the choice is so frequently arbitrary, this variability in size 
and shape does not seem physically significant, and the circular chart 
seems the more desirable. Even in cases in which the reference point is 
not wholly arbitrary, it may turn out to be desirable to transform an 
impedance plot into an admittance plot. This is easily accomplished by a 
half-turn rotation of the circular chart, and the plot is not distorted in 
size and shape as it would be on the rectangular plot. 

One may suspect from the foregoing that it is the author’s judgment 
that in most cases the circular chart is to be preferred. This is, indeed, 
the case where the plotting and transforming of data are concerned. The 
rectangular chart seems better suited, however, to the task of showing the 
vector relations existing between the various voltages and currents at a 
point where an equivalent series- or shunt-circuit representation is valid. 
Figure 2-39 illustrates such an application. Another problem which is 
treated better by the rectangular chart is that of representing qualita¬ 
tively, as in a discussion, a multiple transformation in which two or more 
characteristic impedances are involved. The diagram of Fig. 4-16 is an 
example of this. In such cases the R and X (or G and B) coordinates are 
in terms of absolute values rather than relative, and the constant-phase 
and constant-VSWR circles are omitted, A set of such circles, based on 
the appropriate characteristic impedance, is implied for each character¬ 
istic impedance involved. In actual numerical calculations it is imprac¬ 
tical to work with other than normalised impedances, relative to the 
particular characteristic impedance being considered; therefore the 
rectangular chart loses its advantage for quantitative work. 

Admittance vs. Impedance .—In low-frequency circuits it is usually 
quite obvious, from the form of the Circuit connections, when to use 
impedance and when to use admittance. The over-all performance of a 
combination of circuit elements is then easily predicted by adding series 
impedances or shunt admittances. In microwave transmission circuits it 
is rarely possible to combine either impedances or admittances in this 
simple way. This is because circuit elements—for example, junctions 
between transmission lines or waveguides, physical discontinuities such as 
dielectric supports in coaxial lines, and so forth—are not small compared 
with a wavelength as they are in low-frequency circuits. This means 
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that the phase of current or of voltage is not constant over any one circuit 
element or combination of elements. 

For example, consider a T-junction formed by joining three coaxial 
lines of equal characteristic impedance. With two of the lines terminated 
in their characteristic impedances, let us inquire as to the input impedance 
presented to the third line. At lew frequencies, one reasons simply that 
the current is shared between the two branches while the voltage across 
the two branches is the same; and one draws the valid conclusions that 
the two branches form a parallel circuit shunting the third and that the 
admittances of the two branches are simply added to get the admittance 
of the combination as seen from the third line. If the frequency is so 
high that the wavelength is comparable to the dimensions of the junction, 
the first question to be answered is: At what point in the junction should 
the impedance be expressed? Before answering this, let us consider the 
manner in which this impedance is to be measured. The standing-wave 
ratio and position of a voltage minimum will be determined in the input 
line by moving a voltage-measuring probe along a slotted section of line 
some little distance from the T-junction. By use of a transmission-line 
chart, the impedance or admittance may be extrapolated to any desired 
point in the junction. Actually, the fields and currents in the immediate 
neighborhood of the junction are so complicated that a measurement of 
impedance in this region is, from the practical standpoint, impossible and, 
from the theoretical standpoint, meaningless. It is only by correlating 
the effects observed a little distance away from the junction with an effec¬ 
tive impedance at the junction, which would have produced, in a simple 
uniform line, the same effects at the same distance away, that meaning is 
attached to the ‘‘impedance at the junction.” We have not yet answered 
the question regarding the choice of a reference point in the junction, but 
it should be fairly clear that the choice is rather arbitrary since it is only 
the effect produced a little distance down the line which is significant. 
The natural choice would seem to be the point at which the axes of the 
three coaxial lines coincide. When the impedance or admittance is 
extrapolated to this point, it will probably be found that the admittance 
is approximately the sum of the characteristic admittances of the two 
branch lines. At low frequencies this approximation will be very good 
indeed. As the frequency approaches that for which the second coaxial 
mode may be propagated, it will very likely become an extremely poor 
approximation. 

The method of treating junctions in terms of an equivalent circuit in 
network theory is described thoroughly in other volumes 1 of this series, 
and briefly, in Sec. 2-14. The point to be made here is that, although 

1 Waveguide Handbook, Vol. 10, and Principles of Microwave Circuits, Vol. 8, 
Radiation Laboratory Series. 
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simple addition of impedances or admittances is valid for low frequencies, 
the situation is usually much more complicated at high frequencies. 
There are, nevertheless, instances of particularly simple discontinuities or 
junctions for which the simple concepts of addition of admittance or 
impedance are valid, even in waveguide or relatively large coaxial lines. 
In all such cases, the validity is limited to discontinuities for which the 
dimensions in the direction of propagation are negligible compared to a 
wavelength. 

The most commonly used discontinuity of this type is the thin induc¬ 
tive flap in rectangular waveguide, Fig. 2-38. The equivalent circuit 
shown is strictly valid only for an extremely thin flap of perfectly conduct¬ 
ing material; but it is adequate for cases of practical interest. The flap is 
usually of 0.020-in. to 0.064-in. brass for wavelengths of 1 to 10 cm, and 

therefore d is not more than about 
0.03-guide wavelengths. For 
thicknesses of this magnitude, it 
is found that a correction must be 
applied to the value of B calculated 
for very thin flaps, but that the 
equivalent circuit need not, for 
practical purposes, be modified. 
These flaps are extensively used 
as waveguide impedance trans¬ 
formers and are discussed in more 
detail in Chap. 4. At the present 
moment we are particularly inter¬ 
ested in their relation to imped¬ 
ance and admittance charts. Flaps made of reasonably good con¬ 
ductors may be considered as lossless without serious error. If the 
output waveguide is terminated in such a way that the normalized 
admittance at the reference plane of this termination is Y h then 
the input admittance F 3 is the sum of F x and the inductive flap sus- 
ceptance jB 2 ; that is, F 3 = Fi + jB 2 . This is the familiar addition of 
admittances which is used in low-frequency circuits. The way in which 
this addition is shown on a rectangular admittance chart is illustrated in 
Fig. 2-39. The admittance chart may be thought of as representing a 
current diagram at the reference plane when unit voltage, common to 
Fi, B 2 , and F 3 , is applied there. We may take B 2 = j0.5 and show, Figs. 
2*39 and 2-40, how this combines with (a) a general admittance such as 
Fi = 0.5 — jO.5 to give F 3 = 0.5 — jl.O, and (b) the special admittance 
Fi = 1 + j0.5 to give the special value F 3 = 1 +j‘0, or matched-line 
condition. This latter procedure will be discussed in greater detail later 
when we come to the use of the inductive flap as a waveguide matching 
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element. For Case a, the principles of Fig. 2-37 are used to show the volt¬ 
age and current vectors, Fig. 2-39, each relative to the positive real unit 
vector which represents the voltage common to Yi, B 2 , and F 3 . The 
voltage in the “incident,” or positively traveling wave to the right of the 
discontinuity is F*i. This is seen to lead the incident wave F«, to the left 
of the discontinuity, by a slight phase angle. The magnitude of the 
incident wave is seen to be lower on the right, though this is not always the 
case. If the discontinuity is loss¬ 
less, conservation of energy 
demands only that 

Fa(l - r|) = F? 3 (l - ID, 

since each side of the equality is 
proportional to the net power 
flowing to the right. Thus if 
r 3 = 0, as in Case b, Vn will equal 
or exceed F«. 

The admittance transforma¬ 
tions for these two cases are 
shown on the circular chart in Fig. 

2-40. If one is not interested in 
the relations between the various 
currents and voltages, and this is so more often than not, then the circular 
chart serves equally as well as the rectangular. 

The inductive flap in waveguide has been cited as an example in which 
the use of an admittance diagram is indicated. A similar type of equiva¬ 
lent circuit holds for the coaxial-line discontinuity of Fig. 2-41, although 
the shunt susceptance is capacitive in this case. It is apparent that in 
this problem, too, an admittance diagram is required. It is characteristic 
of radial discontinuities in coaxial lines, where one or the other or both 
conductors abruptly change diameter, that the equivalent circuit contains 
a pure shunt element, and in all such problems the use of admittance 
diagrams is indicated. 

In Figs. 2-42 and 2-43, discontinuities which yield a series-type equiva¬ 
lent circuit are shown for waveguide and coaxial lines. Just as in Fig. 2-38, 
the discontinuity must have small extent d in the longitudinal direction. 
In either circuit, the reactance X may have any value, either positive or 
negative, depending on the dimension c. Discontinuities of this type 
naturally call for the use of impedance charts to represent them. The 
principles of Fig. 2*36 may be used to obtain the relations between volt¬ 
ages and currents in terms of the total complex current which is common 
to the elements of a series circuit. 

(R-X) vs. ( Z-6 ); ( G-B ) vs. ( Y-6 ).—This choice is usually clear in any 


-Admittance diagram for in¬ 
ductive iris. 
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given problem. The problems discussed in the predecing paragraphs 
clearly required the expression of Z or Y in rectangular form rather than in 
polar form. In the majority of cases, this will be the choice. There 
is one particular type of problem, however, in which the use of the polar 
form for Z or Y is useful. This is the problem in which neither series- 
impedance elements nor shunt-admittance elements are needed, but in 
which a change of characteristic impedance occurs. 



Fig. 2-40.—Admittance diagram (a) corresponding to Fig. 2-39, and (6) illustrating match 
ing by inductive iris. 

An example of this problem arises in connection with the prediction of 
impedance transformations along a coaxial line supported by dielectric 
beads. This problem is discussed in detail in Chap. 4, but Tig. 2-44 gives 
an illustrative example. The impedance at a is Zo = 1.6 Z' 0 ; hence it is 
entered at Z = 1.6, 0 = 0. The arc of length 0.05 represents passage 
through the bead, leading to the impedance Z h /Z' 0 = 1.4 5/ —18° . This 
impedance is expressed in terms of the air-filled line merely by reducing 
the magnitude of impedance by the factor 1.6, leaving the phase angle 
unaltered. 
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The ordinary (R-X)-chart could be used, in which case both R and X 
would be reduced by the factor 1.6. The positions of all the plotted 
points are naturally the saine for the two charts, the only advantage of the 




(Z-ff)- over the (R-X)-chart being the simpler conversion from one char¬ 
acteristic impedance to another. Of course, if steps of the type shown in 
Fig. 2-41 occur, a (Cr-R)-chart is needed in order to add a shunt B. 
Transfer of characteristic-admittance level involves changing G «nH B 
by the factor 1.6, just as in the case of R and X, but in the opposite 
direction. 
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The (F-</>)-chart might have been used in place of the (Z-0)-chart in 
solving the problem of Fig. 2-44. Clearly, the whole diagram would have 
been rotated 180°. There is no special rule for choosing between the two 
alternatives; it is merely a matter of personal preference. As indicated 
above, the (R-X)- and (G-B)-charts may be used for this type of problem 
with only slightly more work in converting characteristic impedance or 
admittance. It is seldom that the polar-type chart is really necessary; it 
is usually preferable to use the usual (R-X)- or (G-B)-chart rather than 
change to a different one. 

IMPEDANCE-MATCHING AND DESIGN PROCEDURE 
2*14. The Design of Matched Circuit Elements. —Reason for Match¬ 
ing .—It was stated in Chap. 1 that one of the most important, and one of 
the most difficult, problems in the design of microwave transmission 
circuits is that of maintaining a “matched” condition in all circuit ele- 
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ments. If the line on the output side of a given element is terminated 
in such a way that no standing wave exists in it, then it is desired that no 
standing wave be excited in the input line by the element itself. Now, 
using the theory developed in the present chapter, it can be shown that 
under these circumstances the transmission line and the associated circuits 
introduce a minimum of ohmic attenuation, transmit maximum power 
without breakdown, and present a minimum rate of change, with change 
of frequency, of the impedance presented to the transmitter output termi¬ 
nals. If the transmitter is designed to work into the characteristic 
impedance of the line and the antenna presents a reflectionless termina¬ 
tion, then such a continuously matched line provides optimum coupling 
between antenna and transmitter. 

Although the other factors mentioned are important enough to sug¬ 
gest the desirability of the continuously matched operation, by far the 



most important factors are those involving the load characteristics of the 
transmitter. Power output, operating frequency, and frequency stability 
of microwave oscillators are all rather critically dependent on the char¬ 
acter of the load into which they operate. This is particularly true of 
high-efficiency tubes such as magnetrons, but it is true to some extent 
of other tubes such as klystrons or triodes. To indicate the magnitude of 
these effects a detailed study is necessary. Those who are interested in 
studying them further will want to refer to Vol. 6 of this series. 

The way in which the output power and operating frequency depend 
on the load presented to a typical magnetron is illustrated in the so-called 
“Rieke diagram” of Fig. 2-45. The polar coordinates which form the 
basis of this chart give the phase and magnitude of the reflection coefficient 
at a chosen reference point in the magnetron. This coordinate plane is 
identical with that which we used in earlier impedance charts, and the 
radial scale has again been marked in terms of voltage standing-wave ratio 
rather than of voltage reflection coefficient. Diagrams of this type are 
obtained in this manner: first, by coupling the magnetron to a matched 
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load and noting the power delivered and the operating frequency; then 
by introducing a mismatch and varying the reflection coefficient in a 
systematic way by means of a variable impedance transformer, and not¬ 
ing, for each point on the reflection-coefficient diagram, the power and 
frequency. When a sufficiently good coverage of the chart has been 
obtained, lines indicating constant-power and constant-frequency con¬ 
tours are drawn in. 

With such a diagram available, the effect of an impedance mismatch on 
the magnetron may be determined. Let us take, for example, a VSWR of 
1.5 and note its effect for various phases. Maximum power, 50 kw, occurs 
for the phase marked 0.46 wavelengths on the circumferential scale, and 
the minimum power, 34 kw, occurs for a phase of 0.20 wavelengths. The 
m axi m u m frequency, 13 Mc/sec above that for matched line, occurs for a 
phase of 0.07X, and minimum frequency, 13 Mc/sec below, occurs for 
0.38-X phase. The frequency sensitivity of an oscillator to its load 
impedance is popularly known as “pulling,” and the total frequency dif¬ 
ference between maximum and minimum for a YSWR of 1.5, a common 
measure of this sensitivity, is known as the “pulling figure.” In the 
example above, the pulling figure is 26 Mc/sec^ 

Large standing-wave ratios in the phase region 0.47X lead to unstable 
operation of the magnetron, indicated by shading in Fig. 2-45. This 
instability is associated with the convergence of the frequency contours 
and is aggravated by interposing an additional length of line between 
magnetron and mismatch, Fig. 2-455. 

Let us summarize by recapitulating the effect on this typical magne¬ 
tron of allowing the reflection coefficient to vary in magnitude from 0 
(r = 1.0) to 0.2 (r = 1.5) and to vary through all phases. The extremes 
of power are 50 kw, or a variation of about ± 20 per cent from the mean. 
The extremes of frequency are ± 13 Mc/sec from the mean. And for long 
lines, unstable operation occurs over part of the impedance region under 
consideration. These variations are usually the most important con¬ 
siderations in judging the degree of impedance-matching to be attained in 
designing components. 

The next most important consideration is, in many cases, that involv¬ 
ing voltage breakdown. It was shown in Sec. 2-6 that the net power 
which may be transmitted through a transmission line to a load is 
decreased, compared with the net power transferred in a matched line, by 
a factor exactly equal to the value of the VSWR in the line. Thus, in our 
example above, the power-handling capacity of the transmission line is 
reduced to two-thirds of that of the matched condition by the assumed 
VSWR of 1.5. For high-power apparatus, operating close to the limit of 
the power-handling capacity of the transmission line and components, 
this may be a very serious limitation. 
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The remaining factors, increased ohmic losses and reflection of power 
from the incident wave, are relatively minor ones. Using the relations of 
Sec. 2-6, these are evaluated for a YSWR of 1.5 to compare with the previ¬ 
ous factors. The ohmic attenuation is increased by only about 8 per 
cent. The power reflected by the mismatch whose YSWR is 1.5 is only 
4 per cent. 

Measurement of Mismatch .—The direct approach to the problem of 
achieving this matched-line condition is simply to terminate the output 
line in a reflectionless load and to examine the standing waves introduced 
in the input line by the component being designed. The experimental 
procedure involved is described in detail in Vol. 11 of this series. The 
data consist of the value of the YSWR and the position of a voltage mini¬ 
mum in the standing wave. These data enable one to plot the impedance 
or admittance at a chosen reference point in the component being tested. 
The magnitude of the VSWR is, of course, sufficient to indicate the extent 
of the mismatch, but the phase information and impedance plot are 
frequently helpful in analyzing defects in the design and in effecting an 
improvement. 

Still further information, leading to more complete knowledge of the 
characteristics of the component, may be obtained by an indirect approach. 
Briefly, this method consists of terminating the output line in a movable 
short-circuiting plunger, rather than in a perfect match, and determining 
merely the position of the voltage minimum of the complete standing wave 
resulting in the input line. If the component under test is perfectly 
matched, any motion of the plunger in the output line will cause an 
exactly equal shift of phase in the standing-wave pattern in the input 
line. If the component introduces a mismatch, the phase of the standing 
wave in the input line will not follow linearly the position of the short- 
circuiting plunger as it moves along the output line. Although we cannot 
go into the details of the interpretation here, suffice it to say that the 
extent of this departure from linearity is a direct measure of the VSWR 
introduced by the component when under normal operating conditions. 
In addition, the positions of the output plunger and of the voltage mini¬ 
mum in the input line, when maximum departure from linearity occurs, 
constitute useful information. From the nonlinearity and phase data 
one may deduce the input impedance at any chosen point in the input 
line when the output line is matched. Moreover, one may predict 
exactly how the input impedance varies with the output impedance, and 
one may even predict the same characteristics for operation in the reverse 
direction, interchanging input and output ends. This wealth of informa¬ 
tion is usually expressed as an “equivalent circuit” in any one of several 
different forms familiar to those versed in network theory. 

In general, the direct approach already described will be used rather 
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than the indirect one, since it requires fewer measurements and leads 
directly to an impedance plot. Occasionally the indirect method is 
desirable because of the additional information which it furnishes; there 
are still other instances in which the indirect method is preferable because 
of instrumental reasons. This is particularly true when either input 
or output line is too small to be conveniently handled by the usual 
slotted-line technique. In such cases the small line is made the output 
line and terminated in a movable short circuit. Since the indirect method 
provides a complete equivalent circuit, the line used as the output line in 
the measurement is immaterial. Even when both input and output lines 
are too small to enable accurate measurements of VSWR by the use of 
slotted section, the location of the phase of a voltage null (the only use of 
a slotted section needed in the indirect method) is quite reliable. 

Methods of Achieving a Match .—If the measurement of the mismatch 
of a circuit being designed indicates that the mismatch is too large to be 
acceptable, there are, in general, two courses of action which may be 
followed. The simplest one is to design, on the basis of the impedance 
measurement, an impedance transformer to be built into the unit in the 
appropriate manner. Although this may be satisfactory in some 
instances, it will not in general produce a desirable design, especially if 
the VSWR matched out by the transformer is large. Such a procedure 
ordinarily leads to a device which requires very accurate machining in 
order to give the transformer the proper transformation characteristics, 
and which is rather frequency-sensitive and subject to voltage breakdown. 

The second method, and the one frequently used, is the attempt to 
effect an improvement in the match by a systematic variation of one or 
more design parameters. In initiating the design of a circuit to accom¬ 
plish a given requirement it is well to bear this in mind and to provide 
one or more conveniently adjustable parameters, such as a variable-length 
coaxial-line stub, waveguide short-circuiting plate position, and so forth. 
Usually such elements will present themselves rather naturally in each 
design. 

In the case of a T-stub support for coaxial line we have at our disposal, 
as an adjustable parameter, the stub length. By trying a series of dif¬ 
ferent lengths it will be found possible to choose a length which will give a 
perfect match past the stub. This is an example of the simplest type of 
matching, achieved by adjusting a single parameter. If the admittance 
point were plotted for successive increments of stub length, a series of 
points would be obtained falling on a smooth curve and passing through 
the perfect-match point at the center of the chart. 

An example of a slightly more complicated nature is afforded by the 
problem of the design of a transition from coaxial line to waveguide, Fig. 
6-9. Here we have two parameters, the probe length P and the end-plate 
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distance D. One parameter is first fixed at some arbitrary value, and the 
other is then varied. The procedure is repeated for other values of the 
first parameter. The corresponding admittance points are shown in Fig. 
6-10, in which contour lines corresponding to constant P and constant D 
are drawn. This gridwork of admittance contours may be used to 
estimate, by interpolation, the values of the two parameters which would 
give the matched condition. It is also useful in estimating how much 
departure from optimum value may be tolerated in either parameter in 
order not to exceed a maximum allowable VSWR. It also enables one to 
establish such mechanical tolerances for variation of the two parameters 
occurring simultaneously. 

Sometimes it will be found that it is impossible to obtain perfect 
match with the parameters available, but that a reasonably low VSWR 
may be obtained. An example of this is found in the design of a stub 
angle, Sec. 4*4. It is then common practice to supplement the parameter- 
adjustment method of matching with the addition of a suitable trans¬ 
former. Other situations calling for a combination of the two methods 
will be discussed in the next section. 

The Principle of Scaling or Similitude .—It is possible, by taking advan¬ 
tage of certain principles of similarity, to make use of the details of an 
existing circuit in the design of a new one to operate at a different fre¬ 
quency. This process is quite analogous to the design of full-size aircraft 
and ships on the basis of experiments conducted on scale models. In the 
scaling of mechanical models, the scaling of dimensions must be accom¬ 
panied by appropriate changes in the properties of the fluid medium and 
in the velocity of motion. Similarly, in the scaling of electromagnetic 
devices, a change in dimensions must be accompanied by the proper 
changes in the electrical and magnetic properties of the materials used and 
in the operating frequency. 

The relations between physical dimensions, operating frequency, and 
the properties of the materials may be derived by suitable manipulation of 
Maxwell’s equations. Stratton 1 shows how this principle of electro¬ 
dynamic similitude leads to the following relations: 

tid 2 v 2 = A, (201) 

n<rl 2 v = B. (202) 

Here A and B are constants to be discussed presently and l is any length 
which establishes the dimensional scale factor of the device being con¬ 
sidered; it might be, for example, the radius of a spherical cavity or the 
width of a rectangular waveguide. In scaling, all dimensions of the 
device must be changed by the same factor as is 1. When the dimensions 
are scaled in this way, the operating frequency v and the characteristics 
1 J. C. Stratton, Electromagnetic Theory, McGraw-Hill, New York, 1941, p. 488. 



88 


ELEMENTARY LINE THEORY 


[Sec. 2*14 


n, «, and a of each of the materials throughout the entire apparatus must be 
altered in such a way that the constants A and B retain their old values. 
To be specific, each of the constants A and B will have a series of values 
A* and £» uniquely determined by the properties m, and <n of the 
material constituting that particular part of the original apparatus. 
Equations (201) and (202) then become 

jWV = A t , i = 1, 2 • • • (203) 

txidBv = Bi. i = 1, 2 • • ■ (204) 

As an example of the application of this principle, let us double the 
characteristic length l of a particular device. The constants A » of Eq. 
(203) remain unchanged if v should be halved, and if m and e t should be 
left unchanged. In order to satisfy Eq. 204), however, we must double 
a. The doubling of all conductivities throughout the apparatus may in 
some cases be extremely important to the proper functioning of the device. 
This is particularly true of those circuits, such as cavity resonators, in 
which the power absorbed in conducting surfaces or dielectric medium 
plays an important role in determining performance. 

On the other hand, there are a large number of circuits in which the 
power lost to the conductors and dielectrics of the device is a negligibly 
small fraction of the input power. For such devices (and nearly all of 
those described in this volume fall into this class), the conductivity is 
relatively unimportant in determining the electric and magnetic field 
patterns. The impedance which is determined by these fields therefore 
shows little dependence on conductivity. Hence, the plot of impedance 
against scaled frequency is essentially the same for the scaled-down device 
as for the original one, even though the conductivity is not scaled. In 
many practical problems, therefore, it is not necessary to satisfy Eq. (204). 

Although the fraction of the input power lost in passing through the 
apparatus may be very small in both the original and the scaled-down 
circuits, the two figures may differ from each other by a considerable 
factor if the conductivities are not scaled. It can be shown 1 that for a 
circuit whose dimensions are scaled down by a factor p from a larger one, 
the percentage of the incident power lost in passing through the smaller 
apparatus at a frequency p times higher bears the following relationship 
to that lost in the larger-.loss in dielectric, smaller by the factor p; loss in 
conductors, larger by the factor \/ p. It must be remembered that we 
are considering the case where the over-all length, as well as the other 
dimensions, is scaled down, and the characteristics e, p, and a are kept 
constant. 

It should be noted that constancy of the loss tangent (essentially equal 

1 The special case of attenuation in rectangular waveguide may be verified by 
converting Eas. (150) and (151) into loss per wavelength. 
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to the power factor) of a dielectric with change of frequency corresponds 
to the scaling of <r in the manner required. This fact is easily seen by con¬ 
verting Eq. (.92) 


into the form 


Vi 

03 



(2-92) 

(205) 


It is evident that if the dielectric constant ej and the loss tangent («"/«() 
remain constant, then <r will be proportional to v as required by Eqs. (203) 
and (204) when scaling without change of m or c*. 

Thus far we have considered only the adjustment of l, v, and <r f in 
applying Eqs. (203) and (204) to scaling problems, keeping m and con¬ 
stant. Although this application is the most useful for these equations, 
there are several others. One which is occasionally useful is that in which 
the size of a circuit is reduced while the same operating frequency is 
retained. This reduction and maintenance of frequency may be accom¬ 
plished most easily by the introduction of a new dielectric with a higher 
value of e. If it is desired to decrease l by a factor p, then e must be 
increased by the factor p 2 in order to satisfy Eq. (203), p and v remaining 
unchanged. In order to satisfy Eq. (204), <r* must be increased by the 
same factor p 2 ^ As remarked in connection with the preceding example, 
it is, in many practical problems, not necessary to satisfy Eq. (204). 

A third possibility is that of keeping l and fixed, ami varying c f and v 
to satisfy Eq. (203). Other combinations in which is varied are possi¬ 
ble, in principle, but rather impractical. There are also numerous possi¬ 
bilities in allowing three or even all four of the quantities on the left of 
Eq. (203) to vary. 

To be exact, all dimensions must be scaled, but it is obvious from a 
practical standpoint that some dimensions are not at all important. 
Thus it is only the internal dimensions of a metal waveguide that need be 
scaled. Similarly, only the internal diameter of the outer conductor and 
the outer diameter of the inner conductor of a coaxial line have any 
significance. In general, only those dimensions involving the dielectric 
material in which electric and magnetic fields occur and the metal sur¬ 
faces adjacent to this region are significant. 

Unfortunately the practice of scaling dimensions is considerably 
hampered by the fact that the pertinent dimensions of standard coaxial 
lines and rectangular tubes seldom have the proper relationships. This 
is, in the case of rectangular waveguides, chiefly due to the fact that the 
tubing used is standard stock tubing, sized according to its external 
dimensions. Very rarely do the inside dimensions of one tube scale at all 
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closely to that of a different size. Similarly it is difficult to obtain, from 
stock tubing, a series of lines of different sizes with approximately the 
same diameter ratio. Nevertheless, the principles of scaling by similitude 
argument give one a fair start on a new design if applied as carefully as 
inconsistencies in the scale factors of standard tubings permit. 

2*16. Impedance-matching Transformers.—There are times when it 
becomes desirable to incorporate into a design a fixed transformer section. 
This section is usually introduced for the purpose of matching the circuit 
in question to the characteristic impedance of the transmission line or 
waveguide. In some special cases, however, it is necessary to cause a 
specified impedance to occur at a given point. An example of this 
application is found in the case of the transformer which is sometimes used 
to cause the optimum load impedance to appear at the terminals of a 
transmitter tube such as a magnetron. In regard to the use of a trans¬ 
former to compensate for the mismatch of a circuit being designed, it 
is usually preferable to obtain a satisfactory match by the methods out¬ 
lined in Sec. 2T4; but if these methods fail to give the degree of match 
desired, several types of simple transformers are available. 

Quarter-wavelength Transformers .—The simplest types of coaxial-line 
transformers fall into this classification. Quarter-wavelength transform¬ 
ers may be used in waveguides, but it is more common to use shunt 
susceptance elements in waveguide work. The quarter-wavelength 
transformers used in coaxial lines usually take the form of sections of 
line in which the inner conductor is enlarged by slipping onto it a metallic 
sleeve of the appropriate thickness. This and other forms of transformers 
for coaxial lines are discussed in Sec. 4-5, while some forms of waveguide 
transformers are taken up in Sec. 4-16. 

One frequently hears it said that a quarter-wavelength line section 
“inverts the impedance.” This statement may be understood by noting 
that it is the normalized impedance, expressed in terms of the character¬ 
istic impedance of the quarter-wavelength section, which is inverted. 
Thus if a load impedance Z r terminates a quarter-wavelength section of 
characteristic impedance Z' 0 , the normalized output impedance Z r /Z' 0 is 
transformed at the input end to the normalized input impedance 



Writing the equation in this form brings out the inversion property of the 
quarter-wavelength line more clearly than does the frequently used form 
(Item 8 of Table 21) 



( 207 ) 
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In any case, the characteristic impedance of the quarter-wavelength sec¬ 
tion which can transform the output impedance Z r to the input impedance 
Zi is given by 

Z' 0 = VzTi. (208) 

A simple example of the inversion property of a quarter-wavelength 
line section is clearly evident from an inspection of the impedance chart 
of Fig. 2-35. Consider the normalized impedance point R = 2, X = 0. 
This point lies on the real axis at the point where the (r = 2)-circle 
crosses it. If this (r = 2)-circle is followed in the clockwise direction 
(that is, if the impedance transformation is traced at points along the line 
toward the generator) for a quarter wavelength, we arrive at the normal¬ 
ized impedance R = the reciprocal of the normalized load impedance 
R = 2. Conversely, if we start with the normalized load impedance 
R = % and follow the upper arc of the (r = 2)-circle for a quarter wave¬ 
length, we obtain the input impedance R = 2, the reciprocal of the load 
impedance R — It is easily verified for any of the constant-r circles 
that the two points of intersection with the real axis bear this reciprocal 
relationship. 

A quarter-wavelength transformer may be used to obtain an input 
impedance equal to the characteristic impedance Zo of the transmission 
line if, for any real load impedance Z r , the characteristic impedance of the 
transformer section is chosen to be that required by Eq. (208); namely, 

Z' 0 = VPo. (209) 

In the general case the load impedance will be complex rather than 
real. Fortunately, however, points of real impedance occur at every 
voltage-minimum or voltage-maximum point along the line on the input 
side of the circuit being matched. If one of these were chosen as a refer¬ 
ence > point, the effective load impedance at that point would be real, and 
the above method of transforming a real load impedance to Z 0 would be 
valid. 

If a point of minimum voltage is chosen as the reference point, the 
load impedance will be 

Z m i» = ^ (210) 

where ri is the value of the VSWR introduced by the circuit to be matched. 
The characteristic impedance of the transformer section is then 

Zi = V^minZo = -~=» (211) 

Vr i 

and the impedance transformation is as shown in Fig. 2-46a. The circle 
cdef represents the circle for which VSWR = r, for an impedance chart 
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based on the impedance Z 0 . The actual load impedance lies somewhere 
on this circle (say at point d or at point f ) but we need not be concerned 
about its location in the present instance. Locating the point e of mini¬ 
mum voltage is important; this may be accomplished by extrapolating an 
integral number of half wavelengths toward the load from one of the 
voltage minima which occur in the slotted section of line used to measure 
T\. Usually the point e should be chosen as the voltage minimum that is 
as close as possible 1 to the circuit being matched, in order to obtain the 
least frequency-sensitive response. This choice is made because of the 
fact that the rate of change of input impedance with wavelength is, for a 
given load impedance, greater for long lines than for short ones. If the 



point e is made the terminal end of the quarter-wavelength transformer 
whose characteristic impedance is given by Eq. (211), the impedance 
transformation along the transformer section will follow the arc eZ 0 , result¬ 
ing in an input impedance equal to the characteristic impedance Zo of the 
line. 

In a similar way, one may choose for the reference point the point c 
where the voltage is a maximum and the impedance is 

Z m « = nZ 0 . (212) 

The required characteristic impedance of the transformer section is 

Z" = VZ^Zo = V^Zo, (213) 

and the impedance transformations are as shown in Fig. 2-466. 

The problem of creating a prescribed impedance at a given point by 
the introduction of a transformer section into a matched transmission line 
is essentially the inverse of the above problem. If the desired impedance 
lies on the curve where VSWR = r h either of the two transformers 

1 For digpuHHirm of an exception to this general rule see, below, the subsection title 
“Use of Admittance Charts.” 
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described above is suitable. For example, if it is desired to produce the 
impedance / at a given point, the input end of the transformer of imped¬ 
ance Z' 0 can be placed the proper distance (represented by the arc ef) on 
the load side of the given point. The transformation is then, working 
from the matched line impedance Z 0 back to the desired impedance at 
/, from Z o via the dotted arc to e, thence along the dashed arc ef. 

Shunt Susceptance Elements .—A type of impedance-matching element 
which is particularly useful in waveguides is that which behaves essentially 
like a pure susceptance shunting the line. The mechanical details and 
design data for waveguide structures used to accomplish this shunting 
action are discussed in Secs. 4-13, 4T4, and 4T5. The most common 
structure is the so-called “inductive diaphragm,” which adds a negative 
susceptance with a magnitude dependent on the dimensions. 




Fig. 2-47.—Admittance charts for waveguide matching, (a) using rectangular chart; 

(6) using circular chart. 

The way in which such an element is used to match a given circuit to 
the characteristic impedance (or admittance) of the waveguide is indi¬ 
cated in Fig. 2-47. These diagrams represent the impedances of Fig. 2-46 
transformed onto an admittance chart. Again, we are not concerned 
with the actual load admittance but are interested merely in finding the 
point along the standing-wave pattern where the admittance has the 
desired value. In this case we seek the point where the admittance has 
the form Y = 1 + jB, represented by the point k in the diagrams. At 
this point an inductive diaphragm whose susceptance is — B may be added 
and the matched condition achieved. 

For this type of matching the point e, at the voltage minimum, has no 
particular significance; however, it furnishes a convenient reference point 
with respect to which the matching diaphragm may be located. The 
magnitude B of the susceptance and the distance d between voltage 
minimum and proper diaphragm position may be read from the admit¬ 
tance chart after the experimental data on phase and magnitude of the 
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VSWR have been plotted. As a matter of fact both B and d are com¬ 
pletely determined by the magnitude of the VSWR and may be calculated 
by formulas, Eqs. (4-55) and (4-56), or determined from graphs, Figs. 
2*12 and 4*61. A discussion of the advantages to be obtained under cer¬ 
tain conditions by the use of admittance charts is presented in the next 
subsection. 

The preceding discussion was based on the use of an inductive (nega¬ 
tive) susceptance to effect matching. Such an element is to be placed at 
the point k, Fig. 2-47, which is a distance d toward the load (counterclock¬ 
wise) from the voltage minimum at e. There is a corresponding point h 
at the same distance d toward the generator from the voltage minimum at 
which a capacitive (positive) susceptance may be placed to effect matching. 

Use of Admittance Charts .—It has been shown above that the char¬ 
acteristic impedance and placement of a quarter-wavelength transformer 
may be determined very simply without the aid of an admittance (or 
impedance) chart. Similarly, reference was made to simple graphs 
and formulas by which the magnitude and placement of susceptive ele¬ 
ments may be determined. In case the matching is to be done on the 
basis of a single measurement at a given frequency these methods present 
the simplest and most accurate solution. In most design work, however, 
it is desired to obtain the best possible match over a given band of fre¬ 
quencies. It has been found that an admittance chart is of great assist¬ 
ance in achieving this goal. 

The usual procedure consists of taking data on the magnitude and 
phase of the VSWR introduced by the given circuit at a number of fre¬ 
quencies within the operating band of the device to be matched. Some 
convenient reference point within the device or its input line is then chosen, 
and the admittance at that point is plotted for each frequency used in the 
measurements. Let us first assume that we are dealing with a waveguide 
circuit and that we have been particularly fortunate in the choice of a 
reference point so that the admittances cluster about the point k. We 
can then try adding an inductive susceptance of appropriate magnitude 
and predict the admittance plot to be expected from the device if matched 
in this manner. It may very well turn out that, in order to obtain the 
optimum over-all performance within the operating band, a compromise 
susceptance will be used which is not intended to produce a perfect match 
at any wavelength within the band. An example of this type of matching 
procedure is to be found in Sec. 6-6, the corresponding admittance diagram 
being shown in Fig. 6-17. 

There are numerous complications and variations which need to be 
considered in actually applying the procedure indicated above. In the 
example given, the variation of the magnitude of the susceptance B with 
wavelength must be taken into consideration, and this variation differs 
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from one type of matching structure to another. Then, too, one is seldom 
fortunate enough to choose the optimum position of the matching device 
as a reference point. In general one must choose, on the basis of the 
admittance plot at the initially chosen reference point, a new reference 
point. The admittance must then be replotted at this new point; it is 
unfortunately true that a simple rotation of the chart will not suf¬ 
fice because the phase length between points is different for different 
wavelengths. 

It sometimes happens that this difference in phase length can be used 
to advantage in increasing the bandwidth of a circuit. An illustration of 
this effect is afforded by the example from Sec. 6-6 mentioned above. 
The method of design discussed in Sec. 6-6 is, in fact, one of the most useful 
methods of achieving broadband circuits. 

Although the above discussion has been based on waveguide circuits, 
similar considerations apply to coaxial circuits. The choice of the initial 
reference point is again rather arbitrary, but in the coaxial circuits the 
admittance points should cluster about either point c or e , depending 
on the use of a transformer section of either low or high characteristic 
admittance. Corresponding to the variation of susceptance with fre¬ 
quency, there will be a variation in transformer action with frequency, 
because the transformer is a quarter wavelength long at only one wave¬ 
length. All these considerations may be worked out very nicely by 
means of admittance (or impedance) diagrams. 

The broadbanding technique described in Sec. 6-6 for a waveguide 
circuit may be applied in suitably modified form to coaxial circuits. It 
was by the use of such a technique that the broadband coaxial-stub angle 
of Fig. 4-31 was designed. 

2*16. Other Design Factors. Manufacturability .—Although it is no 
doubt true that almost anything one might design could be manufactured 
if sufficiently elegant methods of fabrication are sought, a little thought as 
to problems of manufacture may often avoid needlessly involving slow 
and expensive fabricational techniques without sacrificing performance. 
At times there may arise a serious conflict between considerations of 
simplicity of fabrication and some other characteristics to be mentioned 
presently. In particular, the streamlining which leads to better break¬ 
down characteristics is often difficult to achieve if conventional machining 
methods are to be used. In such cases, circumstances may indicate a 
choice, or some compromise may be reached. 

Power-handling Capabilities .—As has just been indicated, streamlin¬ 
ing by eliminating sharp corners is frequently desirable. If sharp corners 
occur in a region of high electric fields, they seriously reduce the break¬ 
down power. It is sometimes sufficient merely to remove the machining 
burrs by using emery cloth or to go one step further and round the edge 



96 


ELEMENTARY LINE THEORY 


[Sec. 216 


by introducing a radius of curvature of a few thousandths of an inch. 
However, if the ultimate in breakdown resistance is needed, special 
streamlined contours or large radii of curvature, calling for special design, 
become necessary. Examples of this type of design are the high-power 
Eo-transition in Fig. 6-77 and the “ doorknob ’’-type transition from 
coaxial line to waveguide in Fig. 6-37. In the doorknob design, consider¬ 
able difficulty with manufacturability has been experienced, illustrating 
the point about the conflict between manufacturability and other factors. 

The use of dielectrics is to be avoided wherever possible if high-power 
operation is desired, both because surface flashover is likely to occur along 
the dielectric-to-air interface and because most dielectrics are perma¬ 
nently damaged if such breakdown occurs. 

Highly frequency-sensitive devices are usually unsuitable for high- 
power transmission. Usually they include either a section of line in 
which high standing waves exist or else a small gap across which a high 
voltage builds up. In either case abnormally high electric fields occur, 
leading to low power-handling capacity. 

It is possible to have a device which includes objectionably small gaps 
even though it is not very frequency-sensitive. An example of this is the 
probe-type transition from coaxial line to waveguide, Fig. 6-9, in which the 
small gap between the end of the probe and the opposite wall of the wave¬ 
guide leads to low breakdown figures. This limitation may become less 
serious if the gap is increased by bulging out the waveguide wall in that 
region. This change alters the impedance match, so one must compensate 
for it by readjusting the junction parameters. 

Bandwidth .—Of all the factors which enter into microwave-circuit 
design, the problem of maintaining a low VSWR over broad frequency 
bands is without doubt the most difficult. It is a relatively simple matter 
to conceive the basic design for a circuit which will perform the required 
function; for example, a method of coupling from a given coaxial line to a 
given waveguide. With reasonable provisions for adjustable design 
parameters, and with due regard for high-power and manufacturability 
factors, a design may be readily evolved which is reasonably well matched 
at a given wavelength. If further improvement in the impedance 
match is desired, a simple impedance transformer may be inserted to 
give essentially perfect match at this wavelength. If the performance 
of this device at a series of frequencies is then investigated, it will give an 
estimate of what may be called the “ inherent ” frequency sensitivity of the 
design- This inherent sensitivity varies widely from one circuit to 
another but will usually be low enough to make operation over a band 
of about one per cent width satisfactory with a VSWR below 1.10. Some 
relatively simple circuits give satisfactory performance over a band of ten 
per cent width, but many others fall far short of this; and it is rare indeed 
that an appreciably broader inherent bandwidth is found. 
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As an example of one important factor which influences inherent 
bandwidth let us consider the simple circuit of Fig. 2*48. A resistance 
card, whose surface impedance is equal to the wave impedance of the 
waveguide at midband, is placed a 
quarter of a midband guide wave¬ 
length from the end plate which 
terminates the waveguide. This 
impedance has the value, for all 
TE-type waves, of 377 X„ 0 /Xo ohms 
per square, where X 0 is the midband 
wavelength and X„ 0 is the corre¬ 
sponding guide wavelength. For 
coaxial lines, it is simply 377 ohms 
per square. The wavelength sen¬ 
sitivity of such a load is given by 
Fig. 2-49 for various choices of 
midband wavelength relative to 
cutoff wavelength. The wavelength sensitivity of the equivalent coaxial 
line load is given for comparison and is the limiting curve which would be 
obtained for (X 0 /X e ) = 0. It is important to note that the closer the 
midband wavelength is to cutoff, the more sensitive to wavelength the 

load becomes. This is, of course, 
because of the rapid change of 
guide wavelength near cutoff. 

This simple circuit is rather 
typical of a large number of those 
which include a quarter-wave 
length stub in shunt with the line. 
The coaxial-load curve might 
equally well be considered to rep¬ 
resent that of an ordinary quarter- 
wavelength T-stub support. The 
waveguide curves bear a close 
relation to a transition from coax¬ 
ial line to waveguide of the com¬ 
moner types (see Sec. 6-9). 

In general, circuits tend to 
behave in a manner similar to this. 
Bandwidths are usually better 
for circuits operating far from 
cutoff. A note of warning is in order, however, since difficulties arise as 
the wavelength approaches the cutoff value for the next higher mode. 
The higher-mode fields set up by waveguide discontinuities are not 
attenuated rapidly enough, and undesirable interactions between discon- 



Fig. 2-49.—Wavelength sensitivity for 
resistance card loads matched at X = Xo in 
a waveguide whose cutoff wavelength is Xc- 
The equivalent coaxial load is given for 
comparison. 



Fig. 2-48.—Resistance card load in 
waveguide matched at X = Xo. Surface 
resistance of card is equal to wave imped¬ 
ance of guide at Xo. 
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tinuities occur. The wavelength at which these difficulties set in depends 
on such factors as the nature of the discontinuities, but for any wave¬ 
length below about 0.6X C caution is advisable. 

If the inherent bandwidth of a circuit falls below that desired, either 
it must be discarded and replaced by a basic design of greater inherent 
bandwidth, or it must be given greater breadth of band by resorting to 
some form of broadbanding technique. These techniques usually consist 
of the introduction of some other element whose frequency sensitivity is 
roughly equal to that of the original unit and which is placed in such a 
position that the reflections from the two circuits tend to cancel over a 
considerable frequency band. 

The details of the circuits involved may take various forms. Although 
there is some overlapping of categories, a classification according to the 
form of the broadbanding element will be attempted, and an example or 
two of each group given. 

To broadband a simple device such as a bead support or simple stub 
support, an identical unit may be added at a point in the line which is 
effectively a quarter of a wavelength away. This is the most obvious 
way of obtaining cancellation between units of equal frequency sensitivity 
and is discussed in Secs. 4-3 and 4-4. 

Another method which sometimes presents itself is that of adjusting 
the distance between two circuit components both of which are already 
present and which have approximately equal frequency sensitivities. An 
example of this is to be found in the judicious spacing of a simple coaxial¬ 
line stub support with respect to the probe-type transition from coaxial 
line to waveguide described in Sec. 6-7. 

A third method consists of introducing an additional element for the 
express purpose of broadbanding. This element may take the form of a 
section of line whose length is half a wavelength and whose characteristic 
impedance differs from that of the rest of the line. This half-wavelength 
transformer introduces no mismatch at midband and its frequency sensi¬ 
tivity may be varied by altering its characteristic impedance. For 
example, the added element may be a transformer consisting of a dielec¬ 
tric-filled section of coaxial line. The frequency sensitivity of such a half¬ 
wave dielectric “bead” is given by Fig. 4T5. The added element might 
consist of other resonant combinations, such as a resonant slit in wave¬ 
guide or a pair of inductive irises spaced to cancel reflections at midband. 

Another method, closely related to the last, is to place the added 
element more or less symmetrically on the output and input sides of the 
original circuit component. One example of this is afforded by the place¬ 
ment of a low-impedance half-wavelength sleeve transformer symmetri¬ 
cally with respect to a simple coaxial-line stub support in order to obtain 
the broadband stub described in Sec. 4-4. The technique of using two 
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elements, one in the output line and one in the input, is illustrated by the 
discussion of Sec. 6*14 in connection with Fig. 6*79. The procedure out¬ 
lined there is to a large extent one of trial and error in regard to the size 
And location of the element in the output line. It is quite possible that a 
more straightforward method could be evolved if the broadbanding proce¬ 
dure were based on measurements of the complete equivalent circuit 
characteristics of the component at a number of frequencies in the desired 
band. 

Instead of adding an element in the output line, as in the preceding 
method, the design parameters may be varied in such a way that the 
variation of impedance with frequency takes on a desirable form. It 
then becomes possible to add an impedance transformer in the input line, 
just as in the preceding case, which restores match at midband and gives, 
by virtue of the sensitivity of the effective length of the intervening line 
section to frequency, a broad bandwidth. Examples of this technique are 
to be found, in Sec. 6-6, applied to the crossbar transition between coaxial 
line and waveguide. 

Although their applicability is restricted to certain simple problems, 
tapers form the basis of the most familiar of all broadbanding techniques. 
Use of tapers is made in the design of transitions between different sizes 
of coaxial lines, Sec. 6-1, and different sizes of waveguides, Sec. 6-3. 

The final class of broadbanding techniques to be discussed is probably 
one of the most familiar; namely, the use of a properly chosen series of 
quarter-wavelength transformers. Slater 1 discusses this method of 
achieving broadband performance; an example is to be found in the 
coaxial-line phase shifter of Sec. 9-5. 

Mode Purity and Resonances .—In some devices, additional considera¬ 
tions enter the picture to complicate the design problem and limit the 
freedom of variation of design parameters. For instance, in designing a 
transition from rectangular waveguide operating in the lowest or TE 10 - 
mode to round waveguide operating in the second or TMoi-mode, the 
lowest or T^u-mode may also be excited in the round guide. Particular 
care must be taken in providing design parameters which may be adjusted 
for minimum excitation of the unwanted lower mode. At the same time 
attention must be paid to the impedance match, for there may be a con¬ 
flict between the two considerations when adjusting the design parameters. 
This conflict may be dealt with in the manner illustrated by the discus¬ 
sion of Sec. 6-4. 

When the round waveguides of two such transitions are joined to form 
a rotary joint, an additional complication arises. Even though the exci¬ 
tation of the unwanted mode may be exceedingly small, certain over-all 
lengths of round waveguide lead to trouble because of resonance in that 
1 J. C. Slater, Microwave Transmission , McGraw-Hill, New York, 1942, pp. 57-62. 
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mode. The resonant wavelength depends in a rather complicated way on 
the angle as the rotary joint turns. A thorough discussion of this 
resonance problem is given in Secs. 7T0 to 7-16. 

Even though a round waveguide may be too small for any propagation 
except in the lowest mode, there still remains the possibility of the exist¬ 
ence of either of two perpendicular polarizations. It is this ambiguity 
about polarization which makes round waveguide unsuitable for most 
transmission-line applications; however, use is made of this property in 
the rotary joint using circular polarization, Sec. 7T7. In this application, 
care must be taken to excite a circular polarization, rather than elliptical; 
such care presents a design problem closely analogous to that of mode 
purity in the design of transitions to TM oi-mode. There arises, similarly, 
the problem of avoiding resonances in the round waveguide; this topic is 
discussed in Sec. 7T8. Similar problems, in connection with a rotary 
joint using a device which rotates the plane of polarization, are discussed 
in Sec. 7T9. 

2*17. Series Branches and Choke or Capacity Coupling.—Frequently 
the coupling of two sections of transmission lines is desired under circum- 


(a) 





(d) 


Fig. 2-50.—Evolution of capacity or choke coupling for coaxial line. 


stances that make the attainment of good metallic contact rather difficult. 
This requirement is encountered in the design of many components for 
both coaxial lines and waveguides. The following examples, described in 
later chapters, are typical: waveguide couplings, Chap. 4; rotary joints 
and other types of motional joints, both in coaxial lines and in waveguides, 
Chap. 7; switches, short-circuiting plungers, and phase shifters, Chap. 8. 

Since this problem is of such common occurrence, it seems advisable to 
describe in some detail the most usual method of solving it. In doing so, 
many of the transmission-line and impedance-transformation equations 
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developed previously will be used; thus the discussion will give an illus¬ 
tration of the use of these equations, as well as results which are them¬ 
selves useful in many practical problems. 

The problem proposed is usually solved by what is frequently, though 
somewhat inaccurately, termed “capacity coupling” or “choke coupling.” 




(b) 

Fig. 2*61.—Series-branching lines forming choke or capacitive coupling. An enlargement 
of the encircled portion of (o) is shown in (6). 

One simple form of this circuit is illustrated by Fig. 2-50, where it is 
obvious that the term “series-branching lines” is appropriate. Its 
evolution from true “capacity” couplings and improvement by the addi¬ 
tion of another section of line acting as a “choke” is indicated by the 
series of sketches of Fig. 2-50. 

The performance of such a circuit may be analyzed by means of the 
simple line theory which we have developed in the preceding sections. 
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Referring to Fig. 2-51, it is evident that the branch lines communicating 
with the gaps in both inner and outer conductors will be excited by radio¬ 
frequency energy, since the main-line current is interrupted by them. 
Assuming the gaps in inner and outer conductors to be small compared 
with a wavelength, we may write (see Fig. 2*51) 

Vt = Vo + V 2 + Vi. (214) 

Dividing through by J 0 , which is common to all branches, we obtain the 
series-impedance relation 

Zi = Zq + Zi2 + Zn. (215) 

The main line is assumed to be terminated in its characteristic impedance 
Zo. It is evident that if Z i2 and Zu, the input impedances of the branch 
lines, can be made very small compared to Z 0} the gaps will not present an 
appreciable mismatch to waves transmitted along the main line. This 
will be the case if the branch lines are each made a half wavelength long, 
since the input impedance for a half-wavelength line terminated in a short 
circuit is zero, neglecting losses. Furthermore, in such a line section, the 
current is high at the short circuit, zero at a point a quarter wavelength 
away, and high again (equal to Jo) at the half-wavelength point. If the 
break in the branch lines is made at the quarter-wavelength point, it will 
not be necessary to provide good contact since no current is flowing at 
that point. 

It is obvious that these conditions will prevail, for a given circuit, only 
at one particular wavelength; the question then arises as to its perform¬ 
ance at other wavelengths. This performance, of course, depends on such 
geometrical factors as the radii, ai, bi, a 2 , b 2 of the branch lines. It is also 
natural to be somewhat apprehensive as to how the breakdown-power 
limitation of the branch lines compares with that of the main line. These 
questions will now be investigated. 

Impedance Relations .—The relations for the outer-branch line of Fig. 
2-51 will be derived first. Beginning at the short-circuited (right-hand) 
end, and working back to the gap in the main line, we have 

Zn = jZoi tan 0i, (216) 

where 0i = %d x /\ and line losses are neglected. The length l is chosen 
equal to a quarter of the midband wavelength Xo, so that 

= (217) 

At or near midband, tan 0i will be very large—infinite at midband, and 
about six for a wavelength 10 per cent either side of midband. If the 
junction impedance Zj (contact resistance, radiation resistance if an open 
junction, and other discontinuity effects) is kept less than, or comparable 
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to, the characteristic impedance Zoi, it may be neglected compared with 
Zu. This suggests the desirability of making Z 0 1 as high as possible, 
which is desirable for other reasons as well. Neglecting Zj, then, the 
impedance terminating the next section of line is 

Zu = Zu = jZoi tan 0i, (218) 

which transforms [by Eq. (40)] to 


7 _ V Zl2 “l - jZ 02 tan 02 

* ~ 02 Z 02 + jZ l2 tan 02 

_ Z 01 tan 0i Zq 2 tan 02 

J 02 Zm — Zoi tan 0i tan 0 2 


(219) 


Normalizing in terms of the main-line impedance Z 0 and rearranging, we 
obtain 


Z%2 _ . / Z(,\ 

z*~ J \ZoJ 


1 + 


cot 0 2 - 


Z Q 2 cot 01 
Z 01 cot 02 


- cot 01 cot 0 2 


( 220 ) 


If we make h = l 2 = Xo/4, we may write, as in Eq. (217), 


0i — 02 


7r Xo 

2 X 


( 221 ) 


Ordinarily, Z 02 /Z 01 ^ i and near midband cot 0 <$C 1; therefore we may 
neglect cot 0i cot 0 2 , compared to unity, in the denominator. In addi- 

/'oi .. 

tion, near midband, cot 0 is well approximated by 

cot 9 = tan (z - «) ~ fy (222) 

where AX is defined by AX = X - X 0 . Equation (220) may be approxi¬ 
mated by 

These approximations lead to a result which is slightly larger than that of 
Eq. (220), but the error is less than 5 per cent for 0.80 < X/X 0 <1.33 
provided Z 02 /Z 01 ^ It rises to 15 per cent over the same wavelength 
range if Z 02 /Z 01 = 1. Since the losses have been neglected, the imped¬ 
ance Z t 2 is naturally purely reactive. The normalized reactance, referred 
to Z 0 of the main line, is 




(224) 
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In the case of the coaxial-line example of Fig. 2-51, a similar analysis of 
the line within the center conductor leads to 

-fe)(ix)('+!:)• <*»> 

The input impedance is then given by 

Z' - 1 +j(XU + X' u ). (226) 

Since the branch lines present reactances of the same sign, their contribu¬ 
tions to the over-all mismatch of the circuit are, roughly speaking, addi¬ 
tive. They may be made approximately subtractive by spacing the gaps 
in outer and inner conductors a quarter of a midband wavelength apart. 
Such an arrangement, combined with a reversal of the orientation of the 
center-conductor branch which may be desirable mechanically, is shown 



Fig. 2-52.—Alternative arrangement of Fig. 2-51 providing broader bandwidth. 


in Fig. 2-52. The outer-branch line and inner-branch lines are now each 
in series with the main line at different points. The YSWR which each 
separately would introduce into a matched line may then be calculated 
from Eq. (7c) of Table 2*2: 


^r- w ) 


(227) 


For small values of r, the mismatch, which we shall define as (r — 1), 
is approximately equal to |Y|. Thus, the mismatch introduced by the 
outer-conductor branch line is given approximately, using Eqs. (224) and 


(227), by 


•fe)6 1 fO( 1+ S> 


(228) 
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Neglecting s/r in Eq. (227) leads to an estimate of the mismatch which is 
too low, but the error is less than 10 per cent for r < 1.2. This error is 
opposite in sign to the errors made in the approximations leading to Eq. 
(224), so that Eq. (228) is actually a rather good approximation (that is, 
in error by less than 10 per cent) for r 2 ^ 1.2, |AX/X| dS .25 and 



It will be noted that the mismatch is proportional to: (a) Zw/Zo, (6) 
(|AX|/X), and (c) (1 + Z^/Z^). Therefore, to maintain the lowest possi¬ 
ble mismatch over a band of wavelengths about X 0 , it is desirable, in view 
of (a), to make Z 02 as small as possible compared with Z 0 . In view of (c) 
it is desirable to make Z 0 1 as large as possible compared with Z« 2 ; the 
desirability of making Z 0 i large, for another reason, was pointed out in the 
discussion leading to Eq. (218). 



Fig. 2-53. —Variations in outer conductor of branch lines. In each case, the actual 
circuit is a figure of revolution generated by rotation about a horizontal axis to be imagined 
to exist below the figure. 

A number of alternative physical arrangements of branch lines for 
the outer conductor of coaxial lines is shown in Fig. 2-53. The center- 
conductor branch line is pretty closely restricted, because of physical 
considerations, to the two forms c and d of Fig. 2-50. The arrangement 
of Fig. 2*53o is the one most frequently used in coaxial rotary joints since 
it is fairly economical of space, both radially and axially, and involves 
no dielectric. 

For those arrangements which include radial sections of transmission 
line, the simple equations given are not accurate. Radial lines require a 
special treatment which will not be given here. Curves giving the radial 
dimensions of effective quarter-wavelength lines are given in Figs. 4-46 
and 4-47 and may be used in design work. In estimating wavelength 
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sensitivity the results given here for coaxial branch lines should give a 
fairly good approximation. The characteristic impedance of a radial 
line is fairly well approximated by considering the radial line to be roughly 
equivalent to a coaxial line whose cylindrical conductors are separated by 
the same distance as are the plates of the radial line, and whose mean 
radius is equal to the mean radius of the section of radial line. Thus 
close spacing between conductors leads to a low characteristic impedance, 
wide spacing to a high characteristic impedance. 

As an example of the use of Eq. (228), the frequency sensitivity of the 
preferred type of coaxial rotary joint for standard -g-in. coaxial line (see 
Fig. 7*4) may be calculated. The outer branch line has the form of Fig. 
2*53a, the inner that of Fig. 2*51a. The constants are given in Table 2-3. 


Table 2-3—Characteristics of 1-in. Coaxial-line Rotary Joint, Fig. 7-4 
All impedances in ohms 








Line 

Zc 

Z 01, Z 03 

Z 02, Z 04 

Z o’ Z 0 

Zoi Z 03 

Outer 

46.6 

13.4 

4.2 

0.090 

0.31 

Inner 

46.6 

28 

13.4 

0.29 

0.48 


The values of mismatch which would be caused by each branch separately 
are 


<\ 
ts IN 

8 

o 

© 

1 

£ 

^ (1.31) « 0.19^1 

(229) 

r.-l = (0.29)(!^) 

(1.48) « 0.97 

(230) 


In the actual design the gaps were, for economy of space, at the same point 
in the line (see Fig. 2-51). Hence the actual mismatch was approximately 
the sum of these, namely, 

r. — 1 « (0.97 + 0.19) » 1.16 ^ (231) 

If they were separated by a quarter wavelength, (see Fig. 2*52), the mis¬ 
match would be approximately their difference, 

r„— 1~ (0.97 -0.19)1^= 0.78 !^- (232) 

These results are plotted graphically, over a range of wavelengths, in Fig. 
2*54. 

Breakdown —One would expect to find that the small clearances and 
small diameters occurring in these branch lines lead to a serious decrease 



Sec. 217 ] SERIES BRANCHES AND CAPACITY COUPLING 


107 


in the power-handling capacity of the coaxial line. On examination it is 
discovered that the small diameters of the inner conductor branch do lead 
to such a reduction, but it is found that the smallness of the clearances 
does not lead to high electric fields, since the total voltage across the gap 
goes down quickly enough, as the gap is decreased, to avoid trouble. 


to the center-con¬ 
ductor branch of Fig. 2-51, we may 
demonstrate this point. The 
highest voltage in this branch 
occurs across the line where the 
center conductor changes diam¬ 
eter. The branch is excited by 
the current of amplitude I 0 where 
it joins the main line, at the left 
end of Line 4. Let us first con¬ 
sider the situation at midband, 
where Line 4 is exactly a quarter 
wavelength long. The voltage at 
the right end of Line 4 has the 
amplitude 

V 4 = IoZoa 



= /o601n^. (233) 


The amplitude of-the maximum electric field E i} at the center conductor, 
is related to the voltage amplitude by 

= = <**> 

Equating Eqs. (233) and (234), we obtain 


E 4 = 


60/o 


(235) 


In the main line, the maximum field, at the center conductor of radius a, 
is found by the same method to be 


E a 


60Zo 

a 


(236) 


Therefore, the maximum field in Line 4 is larger than that of the main 
line by the factor 


Ei _ a 

E a 0,4 


(237) 


That is, the field in the branch line is larger than that of the main line by 
exactly the same factor as that relating the inner conductors of the respec- 
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tive coaxial line. To avoid breakdown in Line 4, the fields in the main 
line must be lowered from their break down value by this factor. Since 
the power being transmitted varies as the square of the fields, the power 
reduction factor caused by the smaller diameter in the branch line is 


Power with branch 
Power without 



(238) 


Of course, the same voltage V 4 appears also across the left end of Line 
3 , but it is very unlikely that the electric field at the conductor of radius 
a z would exceed that at a 4 . For a given outer-conductor diameter 
(63 = b 4 ) a line whose diameter ratio is 2.72 (Z 0 = 60 ohms) gives mini¬ 
mum electric field for a given applied voltage. In practice both lines 
have diameter ratios considerably smaller than this, and that of Line 3 
is nearer to the optimum value. 

Equations (237) and (238) are exact mathematically, but we have 
neglected the effect of the discontinuity in conductor diameter in passing 
from Line 3 to Line 4. In order to avoid increased fields in this region, the 
ends of the center conductors should be rounded with radii of curvature no 
less than their respective cylindrical radii. 

Applying the same equations to the outer branch Lines 1 and 2, one 
finds that the minimum field occurs at the right end of Line 2 and is given 
by 

§ = (239) 


Since this gives E 2 less than E 0 , no difficulty from breakdown in the outer 
branch is to be expected. It is, of course, advisable to avoid sharp edges 
where Lines 1 and 2 join. 

The preceding discussion is accurate only for midband conditions. 
However, changing the wavelength by a considerable amount does not 
alter the conclusions appreciably, since the feeding current and maximum 
voltage are at the crests of distributions varying sinusoidally along the 
line. 

The fin. coaxial-line rotary joint of Table 2-3 has a = 0.187 in. and 
a 4 = 0.125 in.; therefore the power-reduction factor is, for this capacity 
coupling, 0.44. 

Contact and Radiation Losses .—In Eq. (218) the junction impedance 
Zj was neglected entirely compared with the input impedance of Line 1. 
If we assume that the junction presents a small resistive impedance R, 
because of contact or radiation effects, we have, instead of Eq. (218), 

Z 12 = R + jZ n tan 0 i. (240) 


When the succeeding steps are carried through and small quantities 
neglected, as before, in the final result, it is found that the reactance is that 
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given by Eq. (224), but that there now appears a resistive component of 
input impedance given by 


-*©'6 t )‘ 


It has been assumed, in making the simplifying approximations in the 
final result, that R 2 may be neglected as compared with Z\ x tan 2 6 X . 
Thus the result is valid only if this is the case. 

The main-line current I 0 flows in this input resistance; hence the 
power dissipated with a resistance R present in the branch line is 




Had the resistance R appeared directly in series with the outer conductor, 
rather than in a branch line, the power dissipated in it would be 


Therefore, the power dissipated in the resistance R is decreased, by the 
branch-line arrangement, by the factor 


/^YArAXY 
\zj \2 X / 


For practical capacity-coupling (or choke-coupling) circuits this factor 
represents a tremendous benefit. Taking the coaxial circuit whose 
characteristics are given in Table 2*3 and a value of AX/X of 0.25, the 
loss-reduction factor is 0.015 for the outer conductor and 0.036 for the 
inner. 

Incidentally, it should be pointed out that the ratio Z 02 /Z 01 comes in 
squared in the loss-reduction calculation, again indicating in no uncertain 
terms the advantage of making Z 01 large compared to Z 02 . 

Extension to Waveguides .—The principles and equations developed 
for coaxial lines may be carried over, with suitable modifications, to wave¬ 
guide capacity or choke couplings. The problem of providing such 
couplings for round waveguide operating in the TMoi-mode is an exceed¬ 
ingly simple one. Since this mode is a symmetrical one, the current flow 
in the waveguide wall is of uniform density, just as in a coaxial line; the 
branch line is excited in exactly the same manner as if it were connected to 
the outer conductor of a coaxial line. Any of the forms of outer-con¬ 
ductor branch line used for coaxial line may be used for the TM 01 -mode 
in round waveguide. This mode is widely used in waveguide rotary 
joints, and such couplings are quite common. All the equations previ¬ 
ously developed carry over exactly, provided the main-line characteristic 
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impedance Z 0 is correctly chosen to suit the waveguide mode. This 
impedance is that associated with radial voltage and total current; 
namely, 

Zo = 48-^1 (245) 

That this is the proper impedance to use may be seen by referring to Fig. 

2- 55 and noting the fact that 

Vi = V o + V i2 , (246) 

where V 0 and F» are the integrated 
values of the radial field E r taken 
from the center, where E r = 0, to 
the inner surface of the wave¬ 
guide, and V »2 is the voltage 
across the coaxial branch line 
excited by the current /<>. Divid¬ 
ing Eq. (246) by the common 
current /<>, one obtains the imped¬ 
ance relation 

Zi = Zo + Zi 2, (247) 
where it is clear that the charac¬ 
teristic impedance used in the 
waveguide is that defined by 

Zo = r (248) 

!o 

As an example of the application of these and previously derived 
formulas, Fig. 2-56 gives the performance curve calculated for the typical 

3- cm band T-Moi-coupling whose characteristics are listed in Table 2-4. 


Table 2-4. —Characteristics of a T Af 0 i-capacity Coupling* Designed for. 
Xo = 3.33 cm 


a 

x c 

Z el 

Zn 

0.576-in. 

3.83 cm 

8.1 ohms 

3.1 ohms 


* See Fig, 2-56. 


A comparison of Fig. 2-56 with Fig. 2-54 shows that the waveguide 
coupling is somewhat more frequency-sensitive than the outer-conductor 
branch coupling, but not as frequency-sensitive as the inner. The wave¬ 
guide coupling is restricted by the cutoff wavelength of the TMoi-mode 
on the long-wave side of midband, and trouble occurs because of the 


Z 01 ,l v o t ,b t 



Fig. 2-55.—Branch-line coupling for round 
waveguide carrying TAfoi-mode. 
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possibility of propagation of the next higher mode on the shorter-wave- 
length side of midband. The region of wavelengths shown in Fig. 2-56 
is about all that is practical in view of these limitations. 

Round waveguides operating in the lowest or TE n -mode may be 
coupled in the same manner, but the branch lines are then asymmetrically 




3.13 3.23 3.33 3.43 3.53 3.63 

X cm 

Fig. 2-56.—Performance of TM oi-coupling (see Fig. 2-55 and Table 2-4). 

excited by the waveguide currents. Branch lines with coaxial geometry 
will be excited in the second coaxial mode, so the phase constant asso¬ 
ciated with them is no longer simply that of transverse electromagnetic 
wave but rather that of a mode with cutoff characteristics (see Fig. 2*22). 



Fig. 2-67.—Capacitive or choke coupling for rectangular waveguide. 


Similarly, radial sections will be excited in the second radial mode, for 
which design curves are given in Fig. 4-46. 

Although these complications make more difficult the quantitative 
analysis of the behavior of the capacity-coupling circuit, the principles to 
be observed for low mismatch over a broad band of wavelengths are still 
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the same. That is, the Line Section 2, next to the main line, should have 
a low characteristic impedance or closely spaced conducting surfaces, but 
Section 1 should have a higher characteristic impedance or more widely 
separated conducting surfaces. 

Rectangular waveguides transmitting the lowest or TE w -mode have a 
held structure and current distribution rather like that of the lowest mode 
in round waveguide, just discussed. The various forms of capacity 
coupling shown for coaxial lines should, with suitable modifications, be 
applicable to rectangular waveguides in somewhat the same way in which 
they were applied to round waveguide. The form most frequently used 
is that of Fig. 2-57, the design of which is discussed in considerable detail 
in Sec. 4-9. Alternative types of capacity-coupling circuits devised 




Fig. 2-58.—Simple branch circuit approximately equivalent to Fig. 2-57. 

especially for use with rectangular waveguides are discussed there, also. 
The simple branch circuit of Fig. 2-58 is approximately equivalent to the 
common coupling of Fig. 2*57. The two grooves of height d\ of the former 
have been widened, bent into semicircular form, and joined to form the 
circular groove of the latter. The simple coupling would not be expected 
to be an effective capacity-coupling circuit, however, since the currents 
flowing in the side walls of the waveguide branch line of height d 2 are 
large and must flow through contacting surfaces. Neglecting this fact, 
the mismatch introduced by such a circuit may be calculated by modify¬ 
ing slightly the coaxial-line equations. It is merely necessary to change 
X to X„ and AX to AX C in Eq. (228) to obtain the mismatch due to one of 
the two series branches. Since there are two equal branches, the total 
mismatch is twice this value. The characteristic impedances are, since 
all branch lines have the same width as the main waveguide, simply pro¬ 
portional to the respective waveguide heights b, di, and d 2 , [see Eq. 
(158)]. Equation (228) then becomes, for the complete coupling, 
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Although there is a considerable difference between this coupling and 
the common coupling of Fig. 2-57, enough similarity exists for this result 
to give a fair prediction of the performance of the capacitive coupling. A 

comparison is made in Fig. 2-59 j 15 _^____ 

between values of VSWR meas- \ % 

ured for two different choke 
couplings and the performance o- 1,10 \ 

predicted by Eq. (249). It will ^ 

be noted that, although the agree- 1.05 --^ 

ment is not bad, the mismatch of "■ 

the actual circuit is consistently x q ! d 1 " 

lower than that predicted by the 9 9 5 10 ^ cm 10 5 11 11,5 

formula, especially at longer wave- Fiq . 2 -59.-Performance of waveguide 

lengths. It may be reasoned that choke couplings of Fig. 2-57. For the two 
this is due to the fact that the 

branch lines are effectively wider 0.050". Solid lines are experimental, dashed 
than the main line; hence, they U ”“ * Eq- <2«>. 

have lower characteristic impedance and slower variation of than 
assumed in the formula. This would be especially noticeable at longer 
wavelengths, since the main line would approach cutoff long before the 
branch lines. 

Since Eq. (249) gives fair agreement with measurements made on com¬ 
mon couplings, one is encouraged to expect other equations, based on the 
simple coupling of Fig. 2-58, to do likewise. One would not expect to 
have breakdown trouble. The voltage amplitude in the main line of Fig. 
2-58 is 

Fo = IoZo, (260) 

where 7 0 is the longitudinal current in the main line and Z 0 is the appropri¬ 
ately defined characteristic impedance [Z Y ,i « waveguide height b, Eq. 
(158)]. The maximum voltage in Line 2 is, at midband, 


9 9.5 10 10.5 11 11.5 

Xcm 

Fig. 2-59.—Performance of waveguide 
choke couplings of Fig. 2-57. For the two 
upper curves, di — 0.150" and dz = 0.104". 
For the lower curves, di = 0.250", dz = 
0.050". Solid lines are experimental, dashed 
lines calculated by Eq. (249). 


where Z Q2 is similarly defined and is proportional to d 2 . Dividing Eq. 
(251) by Eq. (260), one obtains 


Rearranging, one obtains 


F 2 Z o 2 d 2 

T 0 " ~ V 

Vi_Vo 

di b ’ 
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where the terms represent the maximum electric field amplitudes in the 
branch line and in the main line of the simple circuit. Since in the actual 
coupling the fields tend to fan out to fill the circular groove, it would be 
expected that breakdown is even less likely in the choke coupling than in 
the main line. 

Similarly, Eq. (244) may be modified to give the loss-reduction factor 
for the simple circuit; namely, 



For the worst wavelength, 9 cm, on the curves of Fig. 2-59, this factor is 
0.18 for the older design, upper curves, and 0.015 for the improved version 
lower curves. Although the application of Eq. (254) to the actually used 
couplings is certainly not expected to give an accurate figure, it should 
serve as a rough estimate. 



CHAPTER 3 

MATERIALS AND CONSTRUCTION TECHNIQUES 

By Richard M. Walker 

The materials usually used in the design of microwave transmission 
circuits are good metallic conductors and low-loss dielectrics with dielec¬ 
tric constants between 2 and 4. Metallic conductors and miscellaneous 
parts are usually made of brass or copper, sometimes plated with a highly 
conductive metal if low attenuation is desired, and often protected against 
corrosion and fungus growth by lacquers or other finishes. Dielectric 
materials are used frequently for supporting center conductors in cables 
and coaxial lines, and for pressurizing waveguides and coaxial lines. 

In this chapter, materials are considered from the standpoint of 
durability, strength, and electrical characteristics at microwave fre¬ 
quencies. Tables of materials and their characteristics presented here 
include only those materials that have been used successfully in micro- 
wave transmission systems and those that show promise for future 
applications. Construction techniques are discussed from the stand¬ 
point of tolerances, economy, and application to the construction of 
microwave transmission lines and components in the laboratory and in the 
factory. 

METALLIC MATERIALS 

3*1. Tubing for Coaxial Lines and Waveguides. —Brass is the most 
widely used metal for coaxial lines and waveguides because it is easily 
machined and soldered and has relatively low electrical loss. Rectangular 
and circular seamless brass tubing is available in many standard sizes 
that are quite adequate for general use in microwave transmission lines. 
Stainless-steel tubing is used in applications where attenuation is not a 
serious consideration. For good conductivity the tubing is plated with 
copper or silver, or made with a copper or silver lining. 

For optimum performance at microwave frequencies, special care 
must be taken in the selection and fabrication of tubing. The conditions 
for optimum performance of a microwave transmission line are smooth 
wall surfaces, high conductivity in the metallic walls, and protection 
against corrosive atmospheres and fungus growth. Rough wall surfaces 
are objectionable for several reasons. Sharp burrs or edges on the wall 
surface considerably decrease the maximum peak power that a line can 
115 
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handle without voltage breakdown. A rough wall surface also increases 
the effective resistance of the transmission line, and the attenuation per 
unit length of line is therefore increased. This increase in resistance 
can be explained in terms of the skin effect in a conductor at high fre¬ 
quencies. The effective skin depth 5 is defined as the depth at which the 
current density is 1/e times the current density at the surface; it is given 
in meters by the formula 1 



where X 0 is the free-space wavelength in meters, <r is the conductivity in 
mhos per meter, j u the permeability of the metal in henrys per meter, and c 
the velocity of light in meters per second. [See Eq. (2-78).] From Eq. 
(1) it is seen that, for a given wavelength, 5 is inversely proportional to the 
square root of the conductivity of the metal. For copper, the value of 8 
at 10-cm free-space wavelength is 1.2 X 10 -4 cm or 4.7 X 10 -6 in. 

The attenuation per unit length of line is 
increased if the wall surfaces are scratched or cor¬ 
rugated as shown in Fig. 3T. The increase in 
attenuation is believed to be caused by two effects: 
(1) the effective length of the conductor, which is 
a section of the wall surface of thickness 8, is 
increased; (2) the concentration of currents at the 
edges of each corrugation increases the effective 
resistance of the skin. The contribution of the 
increased effective length can be calculated for 
known configurations in the corrugated surface. 
The effective length for the triangular grooves of Fig. 3To is twice the 
actual length of the line, if the triangle is equilateral, for any depth of 
groove. Similarly, for square grooves or corrugations, as shown in Fig. 
3-lb, the effective length of the line is also twice the actual length of line. 

An example of one form of the square type of corrugation is the flexible 
waveguide known as “Titeflex” (see Secs. 5T4 and 5*15). Measurements 
made at Radiation Laboratory on six samples of Titeflex flexible wave¬ 
guide showed that the attenuation is 3.2 to 3.6 times the calculated value 
for smooth wall surfaces. The samples of 1.5- by 3-in. Titeflex were 2 ft 
long and the corrugations were 0.060 in. square. Four samples were 
silver-plated 70-30 brass and the other two were unplated 70-30 brass. 
Measurements at 10.4 cm showed an average loss of 0.069 db/m in the 
silver-plated samples and of 0.127 db/m in the unplated samples. Com¬ 
parison of these values with the calculated loss of 0.019 db/m for silver 
waveguides and of 0.040 db/m for 70-30 brass waveguides with smooth 
1 J. C. Slater, Microwave Transmission , McGraw-Hill, New York, 1942, p. 114. 
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walls, shows that the actual loss is respectively 3.6 and 3.2 times the 
calculated losses. The results indicate that there are losses other than 
those caused by the increased length of line. These losses may result from 
the concentration of currents at the edges of the corrugations. 

There is evidence that the added loss caused by surface imperfections 
such as oxide films and die marks is also a function of the wavelength. 
This result is to be expected since such surface imperfections become com¬ 
parable in dimensions to the skin thickness as the wavelength decreases. 
Loss measurements on commercially drawn tubing at 3 cm agree with 
theoretical calculations wdthin an estimated experimental error of ± 5 per 
cent. Similar measurements at 1.25 cm gave results that were 10 to 20 
per cent higher than the theoretical loss values. 1 and at 0.54 cm the loss 
was about 50 per cent higher than the theoretical values. 2 The above 
measurements were made in waveguide of dimensions 0.400- by 0.900-in. 
ID, 0.170- by 0.420-in. ID, and 0.086- by 0.180-in. ID, respectively. 
It seems probable that the increased attenuation is caused by surface 
irregularities of some nature. These irregularities must be numerous and 
submicroscopic in size. Further investigation of these effects is par¬ 
ticularly desirable. It is extremely likely, however, that the over-all 
attenuation of a transmission system may be seriously increased by rough 
wall surfaces in applications where long lengths of line are used, especially 
at the lower wavelengths. 

In the manufacturing process, round seamless tubing is drawn from a 
flat sheet into a series of cylindrical cups by means of a conventional 
hydraulic press that presses the metal into successive dies. Each die 
reduces the diameter of the tubing and increases its length until the length 
of the deep-drawn tubing reaches the limit of the press. The operation is 
then continued on a draw table, on which the tubing is drawn horizontally 
through a die and over a sizing plug until the proper diameter is reached. 
Annealing is usually required after each drawing operation because the 
metal becomes work-hardened. Dies for drawing rectangular tubing are 
made by accurately ground and fitted rollers. Rectangular tubing is 
drawn from circular tubing. Silver-lined tubing is made in the same 
manner. The flat sheet, however, is made by silver-soldering a plate of 
silver to a block of the base metal desired. This block is then rolled into 
a flat sheet. The ratio of the thickness of silver to that of the base metal 
remains constant throughout the process. 

3*2. Dimensional Tolerances. —The dimensional tolerances of the 
tubing depend on the accuracy of the die and plug, and the finish depends 
on the finish of the die and plug. Best finishes are produced by use of a 

1 E. Maxwell, “Conductivity Loss Measurements at K-band,” RL Report No. 854, 
Jan. 15, 1946. 

2 E. R. Beringer, unpublished data. 
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die-and-plug combination of very hard steel that has been highly polished 
and plated with chromium. Tolerances in drawn tubing are limited by 
the wear permitted on the die and plug before they are replaced. The die 
is usually made to the minimum diameter within the specified tolerance 
and allowed to wear until it reaches the maximum allowable diameter. 
Commercial tolerances to be expected on the inside or outside of round and 
rectangular standard tubing are given in Table 3T. The table also 
shows the maximum standing-wave voltage ratio, at the given wavelength, 
that will result from joining two pieces of tubing with the maximum 
tolerance in opposite directions. The VSWR introduced by a junction 
between two waveguides of different inside dimensions is approximately 
equal to the ratio of the impedances of the two lines and is given by Eq. 
(2T60), which may be written 


_ A g a'6 

r “ KM’ 


( 2 ) 


Table 3-1.— Commercial Tolerances in Round and Rectangular Tubing 
Coaxial lines 


Outer con¬ 
ductor diam¬ 
eter OD, in. 

Wall thick¬ 
ness, in. 

Inner con¬ 
ductor diam¬ 
eter OD, in. 

Tolerance 
outer cond. 
ID, in. 

Tolerance 
inner cond. 
OD, in. 

Maximum 
VSWR at 
joint, * in. 

A 

0.025 

0.125 

+0.002 

±0.002 

1.065 

1 

0.032 

0.1875 

±0.002 

±0.002 

1.036 

I 

0.035 

0.250 

+0.0025 

±0.002 

1.035 

f 

0.032 

0.375 

±0.0025 

±0.002 

1.025 

H 

0.049 

0.500 

±0.003 

±0.002 

1.020 

if 

0.049 

0.625 

±0.003 

±0.0025 

1.012 


Rectangular tubing 


Tube size, in. 

Wall 
thick¬ 
ness, in. 

OD or ID 
toler¬ 
ance, in. 

Wall 
toler¬ 
ance, in. 

Maximum 
radius on 
inside cor¬ 
ners, in. 

Maximum 
VSWR at 
joint* 

Xo, cm 

3.0 X 1.5 OD 

0.080 

±0.005 

±0.005 

0.016 

1.012 

10.4 

2.75 X 0.375 ID 

0.049 

±0.005 

±0.005 

0.016 

1.032 

10.4 

1.25 X 0.625 OD 

0.064 

±0.004 

±0.004 

0.030 

1.016 

3.3 

1.0 X 0.5 OD 

0.050 

±0.002 

±0.0035 

0.030 

1.018 

3.3 

0.5 X 0.25 OD 

0.040 

±0.002 

±0.003 

0.010 

1.040 

1.25 


* The VSWR given in this column was calculated for the given wavelength assuming two tubes were 
joined giving the greatest possible mismatch within the above tolerances. Shunt capacity is negligible 


where a and b are respectively the wide and narrow inside cross-sectional 
dimensions of one waveguide, and a' and b' the corresponding dimensions 
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of the other waveguide; X c and X' are the guide wavelengths. The react¬ 
ance at a step of this order of magnitude is negligible in comparison with 
the resistive mismatch. From the formula, we see that the mismatch 
is at a maximum when a!/a and b/b' are maximum—that is, when one 
waveguide is larger than the other in the a dimension but smaller in the b 
dimension. Steps in coaxial lines may cause mismatches that are more 
reactive than resistive, or vice versa, depending on whether the steps on 
the outer and center conductors are in the same direction or opposite 
directions, respectively. The values given are for steps in the opposite 
direction on the two conductors, in which case the mismatch is due 
mainly to the change in characteristic impedance. For complete analysis 
of the problem of discontinuities in coaxial lines, reference should be made 
to Sec. 4-6. From Table 3T it is seen that the mismatch introduced by 
junction steps in tubing is not excessive. Care must be taken to remove 
burrs from junctions to prevent voltage breakdown. 

Brass waveguides and tubing of special sizes for coaxial lines are some¬ 
times needed in the laboratory and in product on. The manufacture of 
such tubing requires a new set of dies and sizing plugs for large-scale 
production. When only a few pieces of tubing are needed, the cost of 
retooling is often too expensive and requires too much time. In such 
cases the drawing process may be speeded up by using coin silver, which 
can be drawn more easily. The dies and plugs for drawing coin silver 
need not be hardened or chromium-plated. 

Tubing for coaxial lines of special sizes may be made in short lengths in 
the laboratory shop by turning on a lathe or by reaming out undersize 
tubing. Waveguides of special sizes may be made by casting two halves 
and milling the inside to the correct dimensions, or by cutting down over¬ 
size waveguide. In either case, the break should come in the center of the 
broad side of the waveguide to minimize current flow across the junction. 
The two halves may be adequately held together by clamps, or soldered. 
Care must be taken in soldering to avoid warping of the metal. 

3*3. Miscellaneous Metallic Parts.—Special applications require the 
use of metals other than brass because of their thermal expansion coeffi¬ 
cients, elasticity, sliding friction, and other properties. An iron-nickel- 
cobalt alloy containing 54, 28, and 18 per cent of the metals respectively 
is widely used in making seals to glass for pressurizing lines because its 
expansion coefficient is the same as that of Coming Glass Nos. 704, 705, 
7052, and 706 (see Sec. 4-19). This alloy is designated by the trade names 
Kovar and Femico. Phosphor bronze, beryllium copper, and chromium 
copper are used in making sliding contacts, such as bullets in coaxial 
lines (see Sec. 4-2), and movable plungers for coaxial lines (see Sec. 8-3). 
These alloys are desirable for sliding-contact applications because they 
have good elasticity and good electrical conductivity. Anaconda Beryl- 
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Table 3-2. —Conductivity and Attenuation of Metals and Alloys 
Values given for 20°C 


Metal 

Conductivity, 

mhos/meter 

Relative 

attenuation 

Waveguide 
attenuation, 
db/meter* 

Copper, pure. 

5.8005 X 10* 

1.00 

0.117 

Aluminums 

Pure. 

3.475 

1.29 

0.151 

Si 0.29 %,Fe 0.14%. 

3.475 

1.29 

0.151 

Die-casting alloys. 

1.05-2.64 

2.35-1.48 

0.275-0.174 

Grasses, annealed 

Cu 90 %. 

2.52 

1.52 

0.178 

Cu 80 %. 

1.882 

1.75 

0.206 

Cu 70%. 

1.51 

1.95 

0.229 

Cu 60%. 

1.65 

1.88 

0.220 

Brass, hard-drawn 

Cu 70%. 

1.22 

2.18 

0.255 

Bronze, phosphor. 

0.817-2.52 

2.66-1.52 

0.312-0.178 

Coppers 

Be 2.15%, Pb 0.36%. 

0.983 

2.43 

0.285 

Same, heat-treated. 

1.05-1.45 

2.34-2.00 

0.275-0.234 

CrO.85%, Si 0.10%. 

2.32 

1.58 

0.185 

Same, heat-treated. 

4.64 

1.12 

0.131 

Chromium. 

2.23 

1.61 

0.189 

Constantan. 

0.204 

5.33 

0.624 

Gas carbon. 

0.002 

54.00 

6.320 

Graphite. 

0.0125 

21.60 

2.530 

Gold. 

4.10 

1.19 

0.139 

Lead. 

0.454 

3.58 

0.418 

Magnesium 

Pure. 

2.175 

1.64 

0.192 

Dow M. 

1.525-2.00 

1.95-1.70 

0.229-0.200 

Other alloys. 

0.558-1.00 

3.20-2.40 

0.380-0.280 

Mercury... 

0.1044 

7.45 

0.874 

Nichrome. 

0.0999 

7.63 

0.894 

Palladium. 

0.907 

2.53 

0.296 

Platinum. 

0.999 

2.41 

0.283 

Rhodium. 

1.960 

1.72 

0.202 

Silver, pure. 

6.275 

0.96 

0.113 

Silver, coin (10 % Cu). 

4.960 

1.08 

0.127 

Steel, cold-rolled. 


10.20 

1.193t 

1.9f 

0.8f 

1.212§ 

0.346 

Steel, cold-rolled. 


16.00 

Steel, stainless. 


7.00 

Steel, stainless. 


10.35 

Tin. 

0.654 

2.95 

Tungsten, drawn. 

1.780 

1.80 

0.221 

Zinc. 

1.725 

1.84 

0.215 


* For 0.400" X 0.900" Id rectangular tubing at 3.20-cm wavelength, 
t W. A. Edaon BTL. Memo 3510-W.A.Er—3/12/45. 
t Very rough estimate based on an old experiment at 10-cm wavelength. 
§ Measured at 3.20 cm wavelength at Radiation Laboratory. 









































Sec. 3-4] 


CONSTRUCTION TECHNIQUES 


121 


lium Copper 175 has the best elasticity of the three but its conductivity is 
slightly lower than that of 70-30 brass. 1 Anaconda Phosphor Bronze 356 
and Chromium Copper 999 are somewhat higher in electrical conductivity 
than 70-30 brass. 

Table 3-2 gives values of the conductivity of various metals used in the 
design of microwave transmission lines and components and the relative 
attenuation in each metal. The conductivity values for pure metals were 
assembled from data in the Handbook of Chemistry and Physics , 2 and the 
values for alloys were taken from data in Sweet’s File for Product 
Designers. 

The attenuation of rectangular waveguide 0.400- by 0.900-in. ID at a 
free-space waveguide of 3.2 cm is also given in Table 3-2 for the various 
metals. The attenuation was calculated from equations developed in 
Chapter 2 for most of the metals. The attenuation values for magnetic 
metals were determined experimentally by direct loss measurements. 

3*4. Construction Techniques. —Special construction techniques have 
been necessary in the manufacture of microwave transmission-circuit 
components that have peculiar geometrical shapes. These special 
techniques include electroforming and several forms of precision casting. 

Electroforming is a process for producing hollow metal parts of 
irregular shape by electroplating a low-melting-point metallic alloy on wax 
molds made to reproduce the interior of the part desired. The process 
serves in some cases as an interim between model-shop specimens and 
production parts, but it has also been used successfully on a large scale 
in the production of parts. The mold is usually made of Wood’s metal, 
Cerrobend, or electrotyping wax. The electroforming metal is usually 
copper or nickel, which is deposited to the thickness required for the 
desired mechanical strength. The mold is then melted out leaving the 
part with very accurate internal dimensions. Matching windows or 
other inserts may be molded into the alloy at the correct positions so that 
they will become attached to the plated part in the plating process. 
These inserts are very easily located with accuracy and are well bonded to 
the copper or nickel during the plating process. Electroformed parts of 
nickel which are very light yet mechanically strong can be produced. 
For good electrical conductivity the nickel is usually plated with silver 
after the mold is melted out. Electroforming may be done in any labora¬ 
tory that has equipment for electroplating. Although the process is not 
limited to the use of copper and nickel, it is not practical for some metallic 
platings because of the difficulties in applying thick deposits. The thicker 
the plate becomes during plating the more porous is the surface last 

1 Sweet's File for Product Designers, F. W. Dodge Corporation, New York, 1943. 

* Handbook of Chemistry and Physics, 26th ed., Chemical Rubber Publishing Co.. 
Cleveland, 1942. 
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deposited because the metal deposits faster on the high spots. A combi¬ 
nation of platings may also be used in electroforming. 

The production of some transmission-line components of peculiar 
geometrical shapes difficult to fabricate or otherwise produce has been 
achieved by use of precision-casting methods. In comparison with con¬ 
ventional sand casting these methods have advantages of cleaner, 
sharper definition and much closer dimensional tolerances. Precision¬ 
casting methods can be grouped into three general classes: die castings, 
centrifugal castings, and “lost wax” castings. 

Die-casting techniques are of course well known and widely used. 
The molten metal is forced under pressure into steel molds of extreme 
accuracy and high finish. This method produces the finest castings and 
is the most economical for large-scale production. It is, however, limited 
to metals and alloys with relatively low melting points because the tem¬ 
perature of the molten metal must be considerably lower than that of the 
die metal. Copper, aluminum, and zinc alloys may be easily die-cast in 
steel molds. The accuracy is determined by the tolerance of the mold and 
the difference in contraction of the two metals during cool ng. Toler¬ 
ances of ±0.002 in. may be held consistently in small parts. Tools must 
be replaced when worn beyond tolerances. The tool cost limits the prac¬ 
tical use of die-casting to the production of large quantities. 

Centrifugal casting is a process intermediate between sand-casting 
and die-casting. This method is used when dimensional and finish 
requirements are not too exacting. Accurate molds are made of plaster 
of paris, baked sand, or special clay, and mounted off center on a revolving 
table. The molten metal is poured into a cup or hole in the center of the 
table and forced through channels into the molds by centrifugal action. 
The resulting castings are much superior to sand castings because air 
pockets are prevented by the centrifugal action. This is an ideal method 
where some machining of the casting is possible to insure the accuracy of 
critical dimensions. 

The “lost wax” method of casting is an ancient technique modernized 
by the dental profession. Briefly, it consists of making a wax impression 
of the part to be molded, burying the impression in special clay, and bak¬ 
ing the clay. During the baking, the wax is lost by evaporation through 
the pores of the clay. Thus there is produced a ceramic mold that will 
withstand extremely high temperatures. Such a mold is porous enough 
to permit the escape of air and gas, so that a casting made from it will be 
free of blow holes and bubbles. The molten metal is drawn into the mold 
by vacuum action on the porous ceramic mold. This process is highly 
technical and the many trade secrets involved are closely guarded by the 
various manufacturers. The results are excellent but sometimes expen- 
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sive. This method is capable of producing castings that could be made by 
no other means. 

Powder metallurgy—a process of molding powdered alloys of copper, 
aluminum, and zinc—affords an alternate for casting. This process pro¬ 
vides unusual production economy, particularly in the case of complex 
parts, the production of which normally requires a series of forming, 
working, or machining operations. The powdered metal is screened and 
compressed, or briquetted, in a mold under pressures of 50,000 to 100,- 
000 lb/in 2 to form a sustaining compact mass that will withstand the 
necessary handling during transfer to the sintering furnace. Thin wall sec¬ 
tions should be avoided because they cause die failures at pressures of this 
magnitude. In the sintering furnace the metal is heated nearly to the 
melting point, a process that fuses the powder into a hard metal compara¬ 
ble in strength to a casting. Die costs and costs of setting up production 
are so high that the process is not economical except for large quantities 
of identical parts. The finished parts are often porous and cannot be 
used where pressurization is required. Dimensional tolerances to be 
expected on the briquette as sintered are +0.004 in. on the diameter and 
±0.008 in. on the length. Re-pressing or coining will improve the 
tolerance on the diameter but will not improve the tolerance in the direc¬ 
tion of pressing. Powder metallurgy has also been used for making oilless 
bearings by mixing graphite with the powdered metal. 

Many microwave transmission components must be made in two or 
more parts which are then joined by soldering. It is advisable to locate 
such joints so that minimum current flows across the joint, in which case 
radiation and reflection in poorly soldered joints are minimized. 

Two methods of soldering are used in making joints in microwave 
components: silver soldering and soft soldering. Silver soldering—some¬ 
times referred to as hard soldering—may be defined as the joining of 
metals by means of a nonferrous filler alloy containing silver, which melts 
at a temperature near but below the melting point of either metal to be 
joined. Joints properly made have strength comparable to that of the 
parent metal. Any of the commercial silver solders such as Sil-fos or 
Easy-flo give strong durable joints on copper, brass, or bronze. Gas 
brazing with a torch, using oxygen and acetylene or other suitable fuel 
gas, is the most common heating method and gives excellent results, 
especially in the hands of a skilled operator. Control of the heating, 
to bring the joint surfaces of both parts simultaneously to the proper 
temperature, is effected by application of the flame away from the joint. 
Thus the flame is not allowed to impinge directly on the solder, and the 
solder is melted by the heat of the parts. Initial cleanliness is of para¬ 
mount importance. This may be ensured by the use of a suitable flux 
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which aids in protecting metal from oxidation by dissolving oxides that 
may form and by promoting free flow of the molten solder into the joint. 
After soldering, it is desirable to clean the parts thoroughly since the flux 
may cause corrosioti. Common fluxes are water-soluble and are easily 
removed by hot water or steam. Clearances between parts to be soldered 
are important and vary according to the materials. For joining brass, 
a clearance of 0.002 to 0.003 in. gives good results. Silver solder usually 
has a composition of copper, zinc, and 40 to 50 per cent silver. The melt¬ 
ing-point range is 1150° to 1600°F. 

Soft solder contains tin and lead in ratios that vary according to the 
manufacturer. A common composition for electrical work is 45 per cent 
tin and 55 per cent lead. The more lead above 38 per cent, the higher 
the melting point. Soft solders melt at 350° to 600°F depending on the 
composition. Joining of this type is not suitable for assemblies requiring 
strength or for a situation in which vibration is likely to occur. Soft 
solder is often used to solder beryllium-copper fingers where high temper¬ 
atures would ruin the temper. Other applications are the joining of 
small, light parts that do not require strength and are not subject to 
vibration. 

Resistance and spot welding are very seldom used in the fabrication of 
microwave transmission lines and components. A method of soldering 
copper and copper-plated steel in a hydrogen atmosphere using various 
high-melting-point solders has been much used recently for the construc¬ 
tion of microwave tubes. It might well be applied to the construction of 
other components as it is easy to use and gives excellent results. The 
process cannot be used for brass. Further details are given in Chap. 14 
of Vol. 31 of this series. 

FINISHES AND ELECTROPLATING 

Metallic transmission lines and components are often subjected to 
corrosive atmospheres, to humidity, and to fungus growth. In tropical 
regions these agents may increase the attenuation in lines and components 
to such an extent that frequent replacement of parts is necessary if 
adequate protection has not been provided. The increase in loss is caused 
by the pitting of wall surfaces, the formation of lossy metallic compounds, 
and the flaking of platings. Metallic surfaces may be protected by one or 
both of two processes: (1) nonmetallic finishes, and (2) electroplating. 
These processes will be discussed in Secs. 3-5 and 3-6, respectively. Sec¬ 
tion 3-7 is a discussion of testing procedures used for determining the 
corrosion resistance of conductors by the effect of corrosion on the elec¬ 
trical loss in the wall surfaces. 

3*6. Nonmetallic Finishes.—Corrosion may be prevented with some 
success by two nonmetallic finishing processes: a chemical surface treat- 
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ment, and a special varnish treatment. Both processes have been used 
successfully in field applications for protecting microwave transmission 
lines and components. The Ebonol process, an example of chemical sur¬ 
face treatment, consists of dipping the cleaned metallic part into a solu¬ 
tion of Ebonol salts until a black oxide coating is formed. Ebonol “C,” 
“S,” “Z,” and “A” salts are used, respectively, for blackening copper 
and its alloys, iron and steel, zinc and its alloys, and aluminum and its 
alloys. The Ebonol salts are produced and distributed by the Enthone 
Company of New Haven, Conn. The Ebonol “C” coating has proved 
satisfactory for corrosion protection of brass. However, the loss in brass 
transmission lines is increased slightly if the coating is too thick. The 
thickness of the coating can be controlled by the length of time the metal 
is submerged and can be judged by the color of the surface. Blackening 
is accomplished in from 3 to 5 min for pure copper and in from 10 to 
25 min for copper alloys ranging from 70 to 80 per cent copper. When 
copper or brass lines or parts that have been soldered together are treated, 
the solder is not affected by the solution. Therefore, it is advisable to 
copper-plate the assembly after all soldering has been done and before 
using the blackening process. The Ebonol “A” process has also been 
used successfully for blackening and protecting aluminum. Bulletins 
are available from the Enthone Company which give details on cleaning 
surfaces and preparing the solutions. 

The most satisfactory varnish coating investigated to date is a phenol 
formaldehyde varnish, developed by E. I. du Pont de Nemours and Com¬ 
pany. This varnish is prepared by mixing two parts by volume of their 
VGT-1112 varnish with one part by volume of T-8802 thinner. It is 
applied to a chemically or electrically cleaned surface by spraying or dip¬ 
ping. The coated surface is then baked for 20 min at 340°F. A smooth 
hard finish is produced which is very adherent and which provides very 
good corrosion protection. The varnish when baked too long becomes 
brittle and changes to an opaque dark color instead of a transparent yel¬ 
low. When it is baked too long or at too high temperatures the adhesion 
is poor, and cracks appear which impair the corrosion protection. 

The varnish-coating process can be applied to any metallic surface or 
combination of metallic surfaces in one component. The Ebonol process 
requires a different solution for each metal. Where silver-plating is done 
to obtain optimum conductivity, the varnish coating may be applied over 
the plating. Both finishes give protection from the corrosive action of 
fungus growth. The protection against fungus growth is due not to a 
chemical which kills fungi but to the fact that fungi cannot live on the 
contents of either finish. 

8*6. Electroplating.—Plating of waveguide, coaxial line, and other 
microwave line components has been, until recently, the accepted proce- 
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dure for corrosion protection. It has been known, however, for many 
years that under outdoor weathering conditions most electroplated 
deposits show a very high percentage of failures. Porosity of the electro¬ 
plated deposits has been one of the chief contributing factors. Plated 
deposits such as zinc, cadmium, nickel, chromium, and more recently 
antimony, have been successful in some outdoor applications. To achieve 
satisfactory results with respect to corrosion, very stringent specifications 
must be set up for the plating process. Deposits of electroplated nickel 
0.001 to 0.003 in. thick have high corrosion resistance when carefully pre¬ 
pared. Chromium is tarnish-resistant under ordinary conditions but will 
fail rapidly in the presence of chlorides. Because chromium plating is 
also highly porous, it is necessary to protect the base metal with 0.001 to 
0.002 in. of nickel. Gold is highly corrosion-resistant but the cost of 
deposits of suitable thickness prohibits its extensive use. In general, it is 
not easy to electroplate thick deposits of the platinum metals. Their cost 
is also a factor in limiting their use. 

Silver and copper are the most desirable plating materials from the 
microwave standpoint because of their high electrical conductivity. 
Since, however, these metals corrode or tarnish under outdoor weather 
conditions, they may profitably be protected with thin coats of low-loss 
varnish or the Ebonol finish. A thin “flash” plating of a noncorroding 
metal like palladium, described later in this section, offers good protection. 

Porous electroplated deposits are objectionable not only because the 
rough surfaces increase the attenuation but also because the porosity 
greatly decreases the protection against corrosion. The pores allow 
solutions to produce, at the junction of the dissimilar metals, electrolytic 
action that may result in highly accelerated corrosion. In general, con¬ 
tacts between metals at the extremes of the electrochemical series are 
undesirable because of the large potential differences set up between them. 

Because of its high electrical conductivity, silver plating has often 
been used on microwave transmission components. Copper has about 
the same electrical conductivity as silver but it corrodes very rapidly. 
Considerable success has been achieved in obtaining nonporous silver- 
plated deposits. These results have been achieved, however, under ideal 
laboratory conditions. The degree of control necessary to produce non¬ 
porous silver deposits is too exacting for general commercial practice. It 
should be kept in mind that in ordinary decorative silver plating 15 or 
more individual steps are necessary to produce a smooth, adherent sur¬ 
face. To minimize porosity and maximize electrical conductivity a num¬ 
ber of additional and very exacting controls must be imposed upon the 
usual plating process. Not only is it necessary to exercise a very precise 
and elaborate control over the actual plating process, but it is also essen¬ 
tial to select and prepare carefully the metallic surfaces that are to be 
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plated. Heterogeneity in chemical composition and roughness of the 
base-metal surface are the major factors that produce low-quality electro¬ 
plated deposits. The subject of nonporous plating is treated with some 
thoroughness in the literature on electroplating; therefore only the aspects 
of the problem of porosity that influence the electrical conductivity of the 
wall surface at microwave frequencies will be mentioned here. At such 
frequencies, a plated film of the usual thickness (0.0005 to 0.001 in.) 
carries practically all of the electric current. Therefore, the effective 
electrical conductivity of a conductor plated with a metal of hig h con¬ 
ductivity is a maximum when the surface is perfectly smooth and non¬ 
porous (see Sec. 3-1). Buffing of a silver deposit by an experienced 



operator greatly reduces the porosity and smooths the surface, but, on the 
other hand, buffing compound may be incorporated into the silver deposit 
with a resulting reduction of electrical conductivity. Ball burnishing, 
when properly controlled, produces a smooth silver surface of low porosity, 
and it has little tendency to contaminate the plate. Both burnishing and 
buffing tend to produce a dense deposit, but, at the same time, they pro¬ 
duce some strain as the result of cold-working of the surface. Excessive 
cold-working of a silver deposit tends to reduce the electrical conduc¬ 
tivity. The strain induced by cold-working may be released by heat- 
treating the plate at approximately 200°C to induce recrystallization of 
the silver. Heat-treating may also be utilized to release crystallization 
strain in freshly electroplated deposits, and thus to increase the electrical 
conductivity. 
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Theoretically, a highly conductive plating on a low-conductivity base 
metal increases the effective conductivity of the metallic wall in accord¬ 
ance with the curves shown in Fig. 3-3. The attenuation approximates 
that of a metallic wall made of the highly conductive metal if the plating 
thickness is equal to, or greater than, a skin depth. Figure 3-2 is a curve 
showing the skin depths for seven common metals, plotted against the 
free-space wavelength. The attenuation in the walls of a waveguide or 



Fig. 3-3. —Attenuation in plated conductors. The relative attenuation a is the ratio of the 
attenuation of the combination to the attenuation of the base metal. 


coaxial line is proportional to the real part of the impedance looking into 
the wall. This impedance, for a good conductor plated with another 
conductor, may be determined from the characteristic impedances Z 2 and 
Zi of the metals, the reflection coefficient between layers, and the propa¬ 
gation function 71 in the metallic plating. These quantities are given 
[see Eq. (2*132)] by 

wj 

z ‘=v¥= (i+ ^’ (h) S 


(3) 
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P _ %2 — Z\ __ y/ai — y /02 


(4) 


Z 2 + Z t yfa 



71 = ^ \ ^ ^ ^ = 

1 +J 

Si ’ 

(5) 


where 5* is the skin depth in the plating; yi, o\, and y%, a 2 are the propaga¬ 
tion functions and electrical conductivities of the plating and the base 
metal, respectively. The wavelength in the plating is 

X ‘ = TmVf5 = ^ (6) 

hence the phase shift in the plating metal is d/X 1 , where d is the plating 
thickness. 

The impedance looking into the surface of a plated metallic conductor 
may be calculated ffom the usual impedance transformation equation 1 

sinh 71 d + cosh yid 
? _y 1 7102 

Z = —-/ 7 \ 

Cl cosh 71 d + sinh yid 

7102 

Figure 3-3 shows curves of relative attenuation in a plated conductor, in 
terms of the attenuation in a solid conductor of the base metal, plotted 
against the plate thickness in skin depths. The curves were calculated 
from Eq. (7) and checked by the impedance-chart method. Figure 3*2 
was calculated from Eq. ( 1 ). Both figures are based on the assumption 
that the surfaces are smooth and nonmagnetic. The theoretical curves of 
Fig. 3*3 have not been checked experimentally because of the difficulty in 
measuring plating thickness and because of the porosity of plated films. 
However, experiments at Pratt Institute in Brooklyn and at Radiation 
Laboratory, in which silver was plated on brass, indicated that a thickness 
much greater than the skin depth is required to obtain a silver-plated 
waveguide with a loss comparable to that of a pure silver waveguide . 2 
Since all platings are somewhat porous, it is advisable to use a plating 
thickness several times greater than a skin depth if the plating has to 
form the conducting film 

The most effective highly conductive plating combination used so far 
in the manufacture of microwave lines and components is a combination 
of palladium and silver developed by the Sperry Gyroscope Company. 

1 Ramo and Whinnery, Fields and Waves in Modem Radio, Wiley, New York 
1944, p. 217. 

2 R. M. Walker, “X-Band Waveguide Corrosion Proofing,” RL Report No. 
S-29, Oct. 6, 1944; T. G. Dixon, “Protection of R.F. Transmission Lines,” Pratt 
Institute Report P.I.-X-l, July 31, 1945. 
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A flash plating of palladium is applied to the brass or copper base metal, 
which leaves a film for protection against corrosion of the base metal. 
The palladium flash is followed by a silver plating which appears to be less 
porous than a silver plating deposited directly on brass or copper since it 
gives a lower attenuation. This silver plating is made thick enough to 
form a good conductive skin (at least 0.0006 in. at 3.0 cm) and is followed 
by another flash coating of palladium for its protection. Since the con¬ 
ductivity of palladium is about one quarter that of silver this final 
flash coating must be much thinner than a skin depth if increased loss is to 
be avoided. From Fig. 3-3 We note that a flash thickness of one-fifth skin 
depth of palladium on silver increases the attenuation by only about 7 per 
cent, whereas the attenuation is doubled by a full skin depth. 

3*7. Corrosion Tests and Measurements.—Corrosion tests are usually 
made in a test chamber into which is sprayed a fine mist containing the 
corrosive elements and compounds. The solution to be sprayed may be 
made up in the approximate proportions to simulate actual outdoor 
weather conditions in a particular locality, or it may be concentrated with 
particular compounds to speed up the corrosive action. The action in 
either case is much faster than under outdoor weather conditions because 
all parts are exposed continuously to the spray. The outdoor weather- 
corrosion rate is variable depending upon location and exposure. 


Table 3-3.— Composition op Salt Spray, AN-QQ-S-91 


Metal chloride 

g per 1 of H 2 0 

Percentage 

NaCl . 

28 

2.8 

KC1. 

0.8 

0.08 

CaClj. 

4.0 

0.4 

MgClj. 

4.0 

0.4 

Ot.hprs . . 

0.8 




Ordinary rain water contains oxygen, nitrogen, carbon dioxide, oxides 
of sulfur, oxides of nitrogen, ozone, hydrogen, sulfides, and ammonia. 
In industrial areas the concentration of carbonic and sulfurous acids may 
run very high. Over the sea and in adjacent regions the concentration of 
salt may be very high. As a result of the wide range of weather condi¬ 
tions encountered in outdoor use of microwave transmission lines and 
components, corrosion testing can provide only a comparison of the cor¬ 
rosion rates of various metals under similar conditions. 

The degree of corrosion of various metals may be determined by 
measuring the loss of samples of waveguides or coaxial lines before and 
after corrosion. The salt-spray test for corrosion of electroplated de¬ 
posits is the generally accepted method. Although salt-spray testing has 
been used for many years, the method is subject to considerable criticism 
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because of lack of reproducibility of the tests. Therefore considerable 
caution must be exercised in comparing the results of tests made in dif¬ 
ferent chambers or at different times in the same salt-spray test chamber. 
The rate of corrosion in any given chamber will vary widely depending 
upon the location and position of the test piece in the chamber. If the 
temperature of the chamber and the concentration of the salt solution are 
not controlled, even wider variations in results may occur. For best 


Table 3-4.—Corrosion Test Data on Plated and Surface-coated Waveguide 


Waveguide base metal and plating 
or surface coating, mils* 

Loss 

after 

plating 

or 

coating, 

db/m 

Loss 

after 

200-hr 

salt 

spray, 

db/m 

Where measured 

70-30 brass Cu flash, 0.1 Ni, 0.15 Ag. . 

0.16 

0.21 

Radiation Laboratory 

Cu flash, 0.1 Ni, 0.3 Ag... 

0.14 

0.33 

Pratt Institute 

0.1 Ni, 0.3 Ag, Pd flash.. . 

0.32 

0.36 

Radiation Laboratory 

0.1 Ni, 0.3 Ag. 

0.17 

0.29 

Pratt Institute 

0.1 Ni, 0.3 Au. 

0.19 

0.26 

Pratt Institute 

0.5 Ag, 0.2 Au. 

0.25 

0.31 

Pratt Institute 

0.3 Ag, Pd flash. 

0.15 

0.23 

Radiation Laboratory 

Pd flash, 0.6 Ag, Pd flash.. 

0.14 

0.28 

Pratt Institute 

Pd flash, 0.3 Ag, Pd flash.. 

0.13 

0.16 

Radiation Laboratory 

0.3 Ag. 

0.19 

0.22 

Pratt Institute 

Heavy Ag plate 

0.12 

0.18 

Pratt Institute 

0.16 Au. 

0.29 

0.40 

Pratt Institute 

0.3 Cd. 

0.21 

0.30 

Radiation Laboratory 

Cu flash, 0.3 Ag, 0.1 Cd... 

0.20 

0.25 

Radiation Laboratory 

Ebonol coating. 

0.26 

0.26 

Radiation Laboratory 

Ebonol coating. 

0.29 

0.30 

Pratt Institute 

Phenol formaldehyde 1.0. 

0.26 

0.26 

Radiation Laboratory 

Phenol formaldehyde 1.0. 

0.28 

0.30 

Pratt Institute 

Aluminum 2S Anodized. 

0.15 

0.41 

Radiation Laboratory 

Silver plated. 

0.23 

7.40 

Radiation Laboratory 


* Coatings or plating listed in the order of their deposit. 


results all specimens should be run at the same time and transposed at 
regular intervals. 

Various combinations of metallic platings and nonmetallic coatings 
were included in a series of tests to find a method of protecting waveguide 
from corrosion and to determine the relative resistance of the surfaces to 
corrosion and fungus growth. These tests were made at Radiation 
Laboratory and at Pratt Institute in Brooklyn. The samples were 
pieces of tubing, £ by 1 in. OD, with 0.050-in. wall, 1 m long. The rela- 
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tive resistance to corrosion was determined by measuring the attenuation 
of each sample at a frequency of 9000 Mc/sec (Xo = 3.33 cm) before and 
after exposure to a 200-hr salt spray. The salt-spray test chambers were 
operated according to Army-Navy Aeronautical Specification AN-QQ- 
S-91, which requires the composition of spray given in Table 3-3. Results 
of these tests are tabulated in Table 3-4. Most of the samples tested 
were plated by commercial establishments according to their own control. 
These methods are trade secrets in most cases; therefore the results only 
indicate what may be expected in commercially plated waveguides. 

DIELECTRIC MATERIALS 

3*8. Uses and General Requirements.—Many design requirements 
for microwave tr ansmis sion lines and components make dielectric ma¬ 
terials desirable for the following uses: 

1. Mechanical support of center conductors for coaxial lines. 

2. Pressure sealing of coaxial and waveguide lines, resonant cavities, 
and other components. 

3. Impedance-matching, slugs in slug tuners, etc. 

4. Power absorption in line terminations. 

5. Sealing pores in other materials. 

Design procedures for coaxial bead supports, pressure windows, and.slug 
tuners are discussed in Secs. 4-3, 4-18, and 8*5, respectively. Line 
terminations are discussed in Yol. 23 of this series. 

The requirements for electrical and mechanical characteristics of 
dielectric materials for the uses just listed are varied. Bead supports, 
pressurizing units, and impedance-matching units require dielectric 
materials with low dielectric constants and low-power factors as well as 
good mechanical strength and heat resistance. Thermal expansion 
coefficients are very important in the design of pressure windows. Special 
mixtures of glass and polystyrene that have expansion coefficients approxi¬ 
mately equal to the expansion coefficient of brass were developed at 
M.I.T. The material called “polyglas” 1 can be molded into intricate 
shapes and cemented into waveguide and coaxial lines to form a pressure 
seal over wide temperature ranges. Special types of glass are sealed to 
Kovar or Fernico for resonant-aperture pressurizing windows as men¬ 
tioned in Sec. 3-3, (see also Sec. 4T9). 

Moisture absorption, oxidation, and fungi are the chief enemies that 
destroy the good electrical properties of dielectric materials. Absorbed 
moisture even in very small quantities appreciably increases dielectric 
loss at microwave frequencies. To combat this effect in tropical regions, 

1 A. Von Hippel, S. M. Kingsburg, and L. G. Wesson, “Low Expansion Plastics,” 
NDRC Report 14-539, M.I.T., Nov. 1945. A. Von Hippel, “Tables of Dielectric 
Materials,” NDRC Report 14-425, M.I.T., June 1945. 
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small amounts of paraffin or certain silicones have been incorporated into 
some materials during manufacture. It was found that 0.2 per cent of 
paraffin is effective in minimizing moisture absorption in polystyrene, but 
larger amounts of parafln produce scarcely any further improvement. 
Paraffin alone is only mildly effective in reducing the moisture absorption 
of polystyrene-glass mixtures, presumably because water is strongly 
adsorbed on the glass surface. In this case, the addition of 0.1 per cent of 
a silicone (Dow Corning Ignition Sealing Compound No. 4), which is 
preferentially adsorbed on glass, has proved an effective remedy. The 
best results are obtained when both paraffin and the silicone are added. 
Oxidation also increases the loss cf dielectric materials at microwave 
frequencies. Oxidation occurs most readily during the molding or casting 
operation and can be minimized by careful control of the molding 
temperature. 

Materials with a high-power factor and low dielectric constant are 
used for line terminations. Graphite or a specially prepared form of iron 
is often used for the lossy material. Graphite is mixed with Portland 
Cement or X-pandotite Cement made by the Dixon Crucible Company of 
Jersey City, N.J.; and specially prepared iron is suspended in very fine 
particles in a ceramic or bakelite filler to form a material, polyiron, much 
used as a core material in r-f transformers. One source of this material is 
Henry L. Crowley and Company, Inc., of West Orange, N.J. The 
resulting mixture in either case is a poorly conducting medium, which can 
be cast into a section of transmission line to absorb the electromagnetic 
power. Since both materials are quite porous, they absorb enough mois¬ 
ture to change their characteristics considerably. Therefore, it is neces¬ 
sary to seal the pores with silicone liquids or similar materials to keep out 
moisture. 

3*9. Characteristics of Dielectric Materials.—Many low-loss plastics 
were developed during World War II, but relatively few have been used 
extensively in microwave transmission-circuit design because of failure 
to meet the requirenients outlined previously in this chapter. Electrical 
and mechanical characteristics of the most widely used dielectric materials 
are given in Table 3*5. The specific dielectric constant k e and loss factor 
tan 8 are given for each material at three wavelengths in the microwave 
region. 

The complex dielectric constant of a medium is expressed as 

€ = e' — je", 

in Eq. (2*90). In the table, k e = e'/c 0 and tan 8 = e"/V where e 0 is the 
permittivity of free space. The value of e"/e' is often called the loss 
tangent or power factor and the loss in the dielectric material can be cal¬ 
culated from it (Sec. 2-5). 
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Table 3-5. —Electrical and Mech 
All values given for room temperature, 
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anical Properties op Dielectrics* 

25°C; wavelengths refer to free space 


Heat dis 
tortion 
tempera 
ture TdU 
°C 

Thermal eon 
duetivity at, 
Cal/cm* Sec 
per °C/cm 

Thermal ex¬ 
pansion co¬ 
efficient at, 
parts/°C 

Molding 

methods 

Machine 

bility 

Moistur 
absorp¬ 
tion, per 
centage 
weight 
at 90% 
humiditj 

Remarks and uses 

703 

710 

746 

1450 

819 

20-30 X 10- 
27 

27 

20-30 

20-30 

0.46 X 10" 
0.47 

0.31 

0.08 

0.33 


No 

No 

No 

No 

No 


Seals to Kovar Mo.W. 
Seals to Kovar Mo.W. 
Seals to tungsten 

Seals to tungsten 

Seals to tungsten 

86.7 


1.66 

Compression 

Poor 








2.10 

Prtrnp 




112.6 


1.74 

Comp, and inj. 

Poor 


Pressure windows 



150.0 


1.30 

Comp. 

Poor 

3.67 


77-83 

82 

1.8-2.0 

1.8-2.0 

6.5-7.6 

Comp., inj., extr. 
Comp., inj. 

Comp., inj., extr. 
Cast and comp. 

Good 

Good 

Good 

Good 

0.00- 
nil I 

0.40 > 
0.06 I 


74-88 

76 

1.8-2.0 

1.90 

0.6-0.8 

6.0-8.0 

Beads for coaxial lines 

76 

1.90 

6.0-8.0 

Cast, comp., inj. 

Good 

0.06' 
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Cast, comp., inj. 

Extr., comp., inj. 

Good 

Good 



110 


5.93 

O.03} 

Beads for coaxial lines 




95-105 

95-105 

95-105 

15.00 

10.30 

10.30 

25 

19 

19 

Comp, and extr. 
Comp., inj., extr. 
Comp., inj., extr. 

Good 

Good 

Good 

0.03 

0.03 

0.025 

Flexible cables 

Flexible cables 

Flexible cables 



96.8 

Fluid 200 cs 








Sealing and lubrication 



160 

Fluid 0.65 cs 






63 



sealing ana lubrication 

Light grease 





Sealing and lubrication 

1350 



Die-press and 

firing 

Comp, mold 

Die-press 

No 

No 

Poor 


Delay li 

1225 



0.1 

Insulator 

Insulator 

1000 


0.77 




66 

4.82 

9 

Machining 

Good 

Good 

0.00 

0.1 

Chem. resistant 







100 




Good 

Low 

Sub ♦ f | , 






62-65 

4.00 

5.9 

Comp., extr., inj. 

Poor 

0.04 

Flexible seals 


18.00 





Mica windows 


13.70 

0.80 

Comp. 


0.003 

Substitute for mica 


am 


14-426, June 1945. 
t Estimated values. 
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The dielectric constant of a dielectric material and the loss in it are 
produced by contributions of three molecular mechanisms, 1 namely: (1) 
electronic and atomic polarization, (2) orientation of permanent dipoles, 
(3) ionic or electronic conduction. 

1. Polarization is the response of the charge carriers in a dielectric 
medium to an applied electric field. These carriers may be locally 
bound, as electron clouds are bound by the change of a nucleus, or 
as ions are bound in crystal structures. An exterior field in this 
case displaces the positive charge carriers slightly with respect to 
the negative ones, thus producing dipole moments by “electronic” 
or “atomic” polarization. This “induced” polarization has its 
resonance frequencies in the optical range. At high electrical 
frequencies and up to optical frequencies approaching the resonant 
value, the displacement of charge follows closely the applied field 
so that the resulting current is out of phase with the field. This 
behavior produces no loss but leads to a frequency-independent 
contribution fc'i to the dielectric constant and to a corresponding 
contribution n% = v^Ti to the index of refraction. This contribu¬ 
tion to k e depends on temperature only because the number of 
molecules per cubic centimeter varies with temperature. This 
change in k? e \ due to temperature is approximately given by 

= (Ki - 1) + 2)«f. (8) 

where a is the thermal expansion coefficient given in Table 3*5. 
For most dielectrics the temperature effect is small (about .05 per 
cent per °C). 

2. In addition to the induced dipoles, there exist in many molecules 
permanent dipoles produced by the difference in electron affinity of 
their atoms. Such dipoles tend to produce polarization by orienta¬ 
tion of the molecules in the applied field. Gas molecules are free to 
rotate with little restraint; therefore they follow the field more or 
less instantaneously. Resonance frequencies are found in the 
infrared, but for heavy molecules they extend into the microwave 
range. In liquids and solids, however, the freedom of rotation is 
normally impeded by the interaction of the neighboring molecules. 
The resonance phenomenon degenerates into an aperiodic orienta¬ 
tion under high friction, which is very temperature-sensitive. The 
orientation of permanent dipoles appears pronounced in the fre- 

* A. Von Hippel, “Tables of Dielectric Materials,” Vols. I and II, NDRC Reports 
14-237 and 425, M.I.T., Feb. 1944, and June 1945. A. Von Hippel and R. G. Breck- 
enridge, “The Interaction Between Electromagnetic Fields and Dielectric Materials,” 
NDRC Report 14-122, M.I.T., Jan. 1943. 
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quency characteristics of many materials. Its principal feature is 
that, with increasing frequency, the dipoles begin to lag more and 
more behind the field; that is, their contribution to the dielectric 
constant decreases, and the loss tangent or power factor increases 
to a maximum and decreases again as the dipole effect dies out. If 
only one dipole type is present, orientating itself in a viscous medium 
without mutual interaction, the electrical behavior of the dielectric 
can be represented by a simple RC-circuit. After removal of the 
field, the polarization would die down exponentially with a “relaxa¬ 
tion time” r. The dielectric constant should decrease to about 
0.2 of its maximum value in one decade of frequency increase. 
With increasing temperatures the viscosity decreases, the relaxation 
time shortens, and the whole dispersion region moves to higher 
frequencies. Most dielectrics, especially plastics, contain dipoles 
of many types; and each dipole, because of the varying location of 
neighboring molecules, finds itself in slightly different surroundings. 
Therefore, a wide distribution of relaxation times exists, and the 
Jc e and tan 8 curves are flattened out. This condition is present in 
most of the dielectrics given in Table 3-5. Plasticizers inevitably 
lower the relaxation times in polymers and thereby shift the loss 
maximum to higher frequencies. 

3. The last contribution to k e and tan 8 is the ionic or electronic con¬ 
duction, which has a small effect in the materials listed in Table 3-5. 
This effect, caused by the migration of electrons or ions through the 
material, produces a frequency-independent conductivity and a 
contribution to the loss tangent inversely proportional to the fre¬ 
quency. If the electrons or ions, after migrating over some dis ¬ 
tance, are stopped—as, for instance, at the boundary of a carbon 
particle embedded in rubber—a field distortion results. To the 
observer this gives the impression of a high dielectric constant. 
Dielectric constant and loss in this case are frequency-dependent 
and influenced fundamentally by the nature and distribution of the 
conducting particles. It is, therefore, important to keep dielectric 
materials free from such particles and also to prevent carbonizing of 
their surfaces by too much heat during the molding process. Fillers 
are often polar (wood flour) or poorly conducting (carbon black) 
and thus may increase tan 8. 

3*10. Construction of Dielectric Parts.—Dielectric material for the 
construction of parts is usually furnished by the manufacturer in a powder 
form. This powdered material is then polymerized and formed into 
various shapes by heating the material in a mold until polymerization of 
the liquid material in the mold is complete. The temperature, curing 
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time, and pressure requirements should be obtained from the producer of 
the raw material as they are critical for some materials. Construction 
techniques for dielectric parts are divided into five general classes: (1) 
compression molding, (2) transfer molding, (3) injection molding, (4) 
extrusion molding, (5) casting. 

Compression molding is the simplest of the forms of plastic molding 
which use heat and pressure. The powdered material is poured into a 
cavity into which a closely fitted piston descends, compressing the powder 
while it is hot into the cavity. The piston is then withdrawn, leaving the 
finished part, which is pushed out by an ejection pin, and the cycle is 
repeated. The temperature and pressure used must be correct for the 
material and must be properly controlled. Only one piece in each cavity 
is made in one cycle. 

Transfer molding is a double-step compression method. The correct 
amount of powder is heated and pressed into a block of semisolid form, 
then transferred while hot to an adjoining cavity where it is further 
pressed and cured into the finished part. This method is used when the 
finished part has an irregular cross-sectional area or when it requires 
inserts that must be accurately positioned. 

Injection molding is a continuous process accomplished with an auto¬ 
matic machine in which the molding powder is heated to a semifluid state 
and injected into the mold where the finished part is formed and removed 
automatically. Such a machine is expensive and requires skilled oper¬ 
ators, but it does fast and accurate work. 

Extrusion molding is used only for tubes, rods, and bars of continuous 
cross section. The powdered material is heated to a plastic state and 
slowly forced through a die of the required shape and size. The material 
hardens as it comes out of the die. Many plastic materials cannot be 
extruded. 

Casting is the simple process of placing the material to be formed into 
a mold or container of the desired shape and curing the material, with or 
without heat, until it hardens. No pressure is used in this process. 

Ceramic materials, such as porcelain, titanium dioxide, steatite, and 
Crolite are sometimes used in the construction of microwave transmission 
components. Titanium dioxide is used in delay lines because of its high 
dielectric constant and low loss. The other materials are used for crystal 
casings and, in mixtures with graphite and other lossy materials, for line 
terminations. Ceramic parts are made by the die-press method. The 
dry powder is mixed with water or any organic binder that dries out dur¬ 
ing heating. The mixture is put in a die of the desired shape and com¬ 
pressed, at room temperature, into a compact mass strong enough to be 
transferred to a furnace for baking. The baking temperatures range from 
1000° to 1600°C depending on the density required. Ceramic parts are 
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usually porous and require glazing to produce a surface. Glazing is a 
process of sealing the surface pores in the ceramic by applying suspensions 
of essentially low-melting glass and firing at suitable temperatures to 
melt the glaze and form an impervious coating. 

The surface condition of finished dielectric parts is determined mainly 
by the surface of the mold in which it was formed. The metal used for 
the mold is very important when materials such as polyglas requiring high 
temperatures and pressures are to be molded. The polyglas materials 
are particularly difficult to mold because of the abrasive quality of the 
molding powder. In this case, the mold is made of very hard steel, 
polished and plated with chromium to prevent the molding powder from 
scratching the mold during the pressing operation of the compression- and 
transfer-molding processes. It is also advantageous to lubricate the mold 
with one of the silicone liquids or paraffin when molding materials such as 
polyglas. The lubricant not only lubricates the mold, allowing the ma¬ 
terial to be completely pressed into corners, but it also tends to fill in the 
surface pores of the part being formed, thereby making it moisture-proof. 
Pores in ceramics may also be sealed with silicone liquids or paraffin. 

In designing dielectric parts of intricate shapes it is important in most 
cases to allow rounded corners and slight tapers in dimensions so that the 
finished parts may be removed from the molds without breakage. It is 
also advisable to limit the thickness of a molded part to a small value 
because most dielectric materials have very low heat conductivity and are 
therefore heated very slowly on the inside of a thick piece. 

PRESSURIZATION PROBLEMS 

Pressurization of microwave transmission systems consists ideally of 
sealing the entire system, or separate units of the system, against air 
leakage to ensure constant pressure inside and to keep out moisture and 
water vapor. A decrease in the air pressure inside a transmission line or 
component decreases the maximum power that the unit will handle with¬ 
out voltage breakdown. Therefore, pressurization is essential, even 
under ideal weather conditions, for high-power systems at high altitudes. 
Damp weather and high-humidity conditions cause an increase in the loss 
of the system and a corrosion of metallic parts, which also increases the 
loss in the metallic walls. Moisture and high humidity encountered in 
tropical climates also promote the growth of fungi. 

In actual practice ideal pressurization is not easy to attain. Small 
leaks are usually present, and it is difficult to design large lightweight parts 
that will stand the pressure differential encountered by high -flyin g air¬ 
craft. Therefore alternative methods have been used to control the 
pressure inside the system and keep out moisture. Two such methods 
have been developed: 
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1. Sealing the antenna feed and couplings as well as possible and 
leaving the small leaks to breathe very slowly. This method is 
used without a pump or relief valve on some shipborne and ground 
installations. For airborne equipment in which this method is 
used, a relief valve must be provided which operates at the 
maximum allowable pressure in the system. In this case it is 
advisable that the modulator, the receiver, and the line constitute 
one pressurized container. For a given leakage rate, a decrease 
in the rate of change of pressure in the system will, of course, 
accompany this volume increase. This method permits a large 
amount of breathing under conditions of extreme pressure and the 
temperature changes encountered in airborne application, but it 
gives adequate protection in ground and shipborne applications. 
However, protection of individual units must be provided for ship¬ 
ment and storage. 

2. Sealing the antenna feed and couplings as well as possible and using 
an automatic pump to keep the inside pressure constant in spite of 
small leaks. The air taken in by the pump is dried by a chamber 
filled with silica gel and crystals of cobaltous chloride, which are a 
dull blue when dry but turn pink when saturated with moisture. 
This change in color is an indication that the chamber must be 
replaced or refilled. Replacement chambers are usually furnished 
as spare parts. The moisture may be removed from the saturated 
chamber by heating after the chamber is removed from the system. 
This method is very effective in both ground and airborne applica¬ 
tions, but it is objectionable in airborne applications because 
the pump and associated equipment add weight to the system. 

Pressurization of each unit or group of units by one of these two 
methods is necessary to protect the disassembled system during shipment 
and storage as well as during operation. 

The most effective method for a specific application naturally depends 
on the amount of breathing permitted in the application and the minimum 
leakage attainable in the individual components of the system. The 
remainder of this chapter deals with the methods used in pressurizing the 
individual components and suggestions for improvements using new 
materials that show promise. Components requiring special sealing 
methods are (1) lines and couplings, and (2) rotating shafts and joints. 

3*11. Sealing of Transmission Lines and Couplings.—^Transmission- 
line output terminals of units are often sealed for protection during 
shipment. For this purpose, seals known as “pressurizing windows” 
have been used. Waveguide pressurizing windows of two types are 
discussed from the standpoint of electrical design in Sec. 4-22. The slug 
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type is made of polyglas which has a coefficient of expansion approxi¬ 
mately equal to that of brass. The dielectric is molded into a solid piece 
of the correct dimensions and cemented into the waveguide to form a 
pressure seal. A very thin cement is required which will flow into a small 
clearance space of about 2 or 3 mils between the slug and the waveguide 
wall. Vinylseal cements 1 NA 28-14 and T 24-9 thinned with acetone or 
toluene respectively have given the best results so far obtained. Two or 
three applications of the cement are usually required for a good pressure 
seal because the evaporation of the solvent tends to leave air pockets. 
When properly cemented the unit makes an airtight seal over a wide 
temperature range. One application of cement is sufficient for holding 
the slug in place and keeping out moisture and dirt during shipment. 
Coaxial lines may be pressurized by dielectric beads similar in design to 
the waveguide windows of the slug type. This design is illustrated in 
Fig. 4-8. 

The resonant-aperture pressurizing window was developed and manu¬ 
factured by Westinghouse. This window, as shown in Fig. 4*76, is made 
by sealing glass into a Kovar disk to form an airtight seal. The Kovar 
disk is then soft-soldered to a choke coupling to complete the operation. 
This seal will stand extreme pressures and temperatures. 

Synthetic rubber rings are used in waveguide and coaxial couplings to 
pressure-seal the junctions. They are very simple in construction, as 
shown in Fig. 4-44. The rectangular groove that holds the doughnut¬ 
shaped rubber ring is designed so that the rubber ring practically fills the 
groove when the two metallic parts are clamped together. The rubber 
ring must retain its elasticity over the temperature ranges encountered in 
the use of the system being designed. 

3*12. Rotary-joint Pressure Seals.—Rotary-joint pressure seals have 
been the chief cause of leaks in pressurized systems. No completely 
satisfactory solution of the problem has been found because materials 
having the proper characteristics have not been developed. Several 
designs have been used, however, with a fair degree of success. 

To meet the restrictions usually encountered in the operation of a 
rotary joint, the rotary seal must: (1) operate at speeds up to 3000 rpm; 
(2) operate over a temperature range from 70° to — 50°C; (3) impose low 
frictional torque; (4) require small space; (5) be easily reproducible; (6} 
operate continuously. 

The following types of rotary seal have been recommended: (1) the 
synthetic-rubber-lip type, (2) the Sealol type, (3) the bellows type. 

The synthetic-rubber-lip seal, developed at Radiation Laboratory and 
manufactured by Graton and Knight 2 has proved to be the most economi- 

1 Manufactured by Carbide and Carbon Chemicals Corp., New York, N.Y. 

2 Graton and Knight Co., 356 Franklin Street, Worcester, Mass. 
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cal and dependable of the three types. Figure 3-4a shows the construc¬ 
tion of the rubber-lip seal. The rubber is held firmly in the outer housing 
in such a way that pressure on the high-pressure side tends to tighten the 
seal on both the rotating shaft and the outer housing. 

This type has the advantages of extremely low cost and very small 
space requirement. The rubber rings are readily interchangeable; thus 
the unit is easily serviced. Test samples have run continuously for 



(o) Rubber-lip type 


months without excessive air loss; 
a loss of 1 in. 3 in 2 hr at an inter¬ 
nal pressure of 15 lb/in. 2 is not 
considered excessive. The torque 
required is 1 to 2 lb-in. for a 1-in. 
shaft seal holding 15-lb pressure. 
The lip must be thick enough to 
ensure accurate trimming, and the 
angle of slope should be as small 


f— Carbon sealing ring 
Low P ressure 
/stationary !i | Rotating m ember 
member "\\1 High pressure/] 


Rubber packing 
(6) Sealol type 


as practicable for low torque. 
The metal housing ring should 
have appreciable grooves and 
should be nickel-plated to achieve 
a satisfactory bond to the rubber. 
The housing ring should provide 
support at the rear of the seal for 



(c) Bellows type 

Fig. 3-4.—Rotary-joint pressure seals. 


maintenance of low torque. 

The rubber used in the rubber- 
lip seal is very important. Graton 
and Knight Formula 93, a Hycar 
base preparation, is recommended. 
Results of tests on many types of 
rubber indicate a stress-deforma¬ 
tion hysteresis period inversely 
proportional to the temperature. 
Even though the rubber samples 


themselves are flexible down to — 70°C, the stationary sealing limit is 


about — 50°C and, with the shaft rotating, the limit is — 20°C. There¬ 


fore, for very low temperatures, electric heaters are required for seals 
made of this compound. 


The Sealol type of rotary seal illustrated in Fig. 3*46 utilizes a carbon 
cylinder sealed by a rubber packing to a stationary member running 
against a lapped steel shoulder on the rotating member to form the seal. 
The success of the design depends upon the finish of the carbon and steel 
mating surfaces—a fact that makes manufacturing tolerances critical. 
The carbon must be nonporous and the contact surface smooth and round. 
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Morganite MMi and MM 2 made by the Morgan Brush Company of Long 
Island City, N.Y., or Graphitor No. 35 and No. 39, made by the U. S. 
Graphite Company of Saginaw, Mich., are recommended for Sealol 
rotary seals when used with hardened tool steel. Speed is no problem 
except for temperature rise with dry operation. At 3500 rpm this rise 
over ambient temperature is about 70°C for a 1-in. shaft. The torque 
requirement for a 1-in. shaft seal at a gauge pressure of 15 lb is 2 to 5 lb-in. 
After a 10- to 20-hr run-in period at 2000 rpm required to lap the surfaces, 
the leakage can be brought down to 1 in. 3 in 20 hr at 15 lb/in. 2 

Bellows seals as shown in Fig. 3-4c are less reliable because they have 
mechanical flexibility, require more room, and require the same precise 
manufacturing as the Sealol type. The fact that the seal utilizes a car¬ 
bon or bronze foreplate, bearing against a lapped steel shoulder, makes its 
operation independent of temperature. 

The success of either type depends on the characteristics of the sealing 
material. No material that has been tried has given a completely satis¬ 
factory seal; however, new developments in the field of plastics may offer 
solutions to the sealing problem. 

New silicone rubber developed by Dow Corning Corporation and 
General Electric appears to offer a possible solution to the low-tempera¬ 
ture problems of the rubber-lip seal. Silicone rubber retains its elasticity 
at very low temperatures. 

Another new material, developed by E. I. du Pont de Nemours and 
Company, appears to have promising possibilities for use in all types of 
seals. The new material, known as “Teflon” and designated by du Pont 
as “Poly F-1114,” is a soapy-feeling plastic that causes very little friction 
when rotated in contact with a machined metallic surface. It is not so 
pliable as rubber but has much better low-temperature characteristics. 
Teflon is also very resistant to chemical action and absorbs no moisture. 
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RIGID TRANSMISSION LINES 

By G. L. Ragan and Richard M. Walker 

COAXIAL LINES 
By G. L. Ragan 

4*1. Factors Governing Choice of Dimensions. —The primary con¬ 
siderations in choice of rigid-line dimensions are high power-carrying 
capability and low attenuation. Mention of such other characteristics 
as maximum voltage between conductors, maximum impedance of 
resonant line, and minimum impedance of resonant line is frequently 
made. These considerations, which are of importance in some types of 
work, are rarely, if ever, considered important at microwave frequencies 
and still less often are considered important in microwave transmission 
lines. The consideration of maximum voltage may be useful in case the 
frequency is so low or the line so short that it contains considerably less 
than one-half wavelength. In this case the voltage on the line is essen¬ 
tially constant along its length regardless of impedance-matching and is 
of prime importance in the transfer of power. In microwave lines, how¬ 
ever, this is almost never the situation. Such lines are usually much long¬ 
er than one half wavelength so that the load impedance must match the 
line impedance if standing waves are to be avoided. It is in this matched 
condition that a given line carries maximum power to a load; high power¬ 
carrying capability therefore is calculated on this basis. The resonant 
impedance behavior of a coaxial line enters into certain resonator prob¬ 
lems at microwave frequencies but not into the choice of dimensions 
for a transmission line. 

In seeking the dimensions of a transmission line to obtain optimum 
performance with respect to some selected characteristic, the problem 
must be limited further in one of the following ways. One may seek 
those dimensions consistent with the restriction that only the fundamental 
TEM -mode be propagated at a given wavelength in the resulting line; 
this restriction sets an upper limit, in a certain manner, on the size of the 
line for a given wavelength. Or one may be limited for mechanical 
reasons to an even smaller line size. Usually, in this case, the limitation 
will be the diameter of the outer conductor. 

The two primary factors, high power-carrying capability and low 
attenuation, will be considered now under these two types of limitation. 
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Maximum Power-carrying Capacity for a Given Wavelength .—The 
power being transmitted by a coaxial line in the absence of standing 
waves is given by Eq. (2-77), 


P = 


El \/k e a 2 


In v, 


( 1 ) 


where y = h/a is the diameter ratio of the conductors. The critical 
dimensions or cutoff of the second or TE 10 -mode are well approximated 
by the relation indicated in Fig. 2-22. 


therefore, 


X c « s/he ir (a + b); 


a « 


TT s/he (1 + y) 


Substituting this value for a in the above equation, one obtains 


( 2 ) 

(3) 


El\l In 17 

120 TT 2 s/K (1 + y ) 2 


(4) 


Normally one would operate at a wavelength slightly longer than cutoff. 
This effectively reduces a in Eq. (3) by the desired wavelength factor and 



Diameter ratio y 

Fig. 4-1.—Relative power-handling capacity and loss length vs. diameter ratio for coaxial 
line, at a given wavelength. 

reduces P in Eq. (4) by the square of thi s factor. The form of the equa¬ 
tions is unchanged. Relative values of P are plotted as a function of y 
in Fig. 4-1. The maximum value of the last term, In [ 17/(1 + 17 ) 2 ], is found 
to be 0.0774. This occurs when y has the value 2.09 and means Z 0 = 44.4 
ohms for air-filled line. When numerical values are inserted, the maxi¬ 
mum power is given by 


= 6.53 X 10 


( 5 ) 
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and the corresponding conductor radii are 


where k e = 1 for air, and a reasonable value for E a is 3 X 10 6 volts/m at 
breakdown. Hence, Eq. (6) becomes 

P m ax = 5.88 X 10 8 X*. (7) 

For example, X = 0.1 m gives 
P max = 5.88 Mw, 

2 a = 1.94 cm (0.764 in.) = center conductor OD, 

26 = 4.30 cm (1.692 in.) = outer conductor ID. 

Minimum Conductor Loss for a Given Wavelength .—The attenuation in 
coaxial conductors may be written [slightly modifying Eq. (2-82)] 

a = 0.04566 nepers/m. (8) 

Applying the same limit as above to the size of conductors at a given 
wavelength, we find that A 

b — r) a = - ^ • (9) 

7T V AC e 1 + r) 

If this value of 6 is substituted in the previous equation, the result is 
a = 0.1435 —- j e —- ^ ^ nepers/m. (10) 

V a X c ^ rjlnr] 

Relative values of loss length, the reciprocal of a, are plotted against r) in 
Fig. 4*1. The minimum value of the last term, (1 + rj) 2 /rj In rj, is 4.45 and 
occurs when rj = 4.68. The impedance is 92.6 ohms for air-filled line, 
and the minimum attenuation for a given wavelength is 


The line dimensions are 


= 0.6368 

aA x c ^ 


nepers/m. 


a "°' 056 vr: 


For an air-filled copper line (a = 5.80 X 10 7 mhos/m) the result is 

| = 8.38 X 10" 6 X<r^ nepers/m 

{ = 7.27 X 10- 4 X 6 -^ db/m. 
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If X c = 0.1 m, then 

awn = .0232 db/m, 

2 a = 1.12 cm (0.441 in.) = OD of inner conductor, 

26 = 5.24 cm (2.065 in.) = ID of outer conductor. 

Maximum Power-carrying Capacity for a Given Outer-conductor Size .— 
Equation (1) may be written in terms of 6 


p _ El \A«6 2 lni7 

120 jj 2 ' 


(14) 


Relative values of P are plotted against jj in Fig. 4-2. Since 6 is given, the 
problem is to find the value of jj which makes the last term In jj/jj 2 a 



line for a given outer-conductor radius. 


maximum. This maximum occurs for rj = 1.65, giving an impedance of 
30 ohms if the line is air-filled. For this case, assuming breakdown to 
occur when E a = 3 X 10® volts/m, the maximum power is 

P m « = 1.377 X 10 10 6 2 . (15) 

Minimum Conductor Loss for a Given Outer-conductor Diameter .— 
In this case 6 is constant and jj the variable; consequently, Eq (8) has the 
proper form. In Fig. 4-2 relative values of loss length, 1/a, are plotted 
against jj. The term (1 + jj)/ln jj is a minimum when jj = 3.6, which 
makes the characteristic impedance 77 ohms for air-filled line. For air- 
filled copper line 

ttmia = 0.0215\ _J4 6~ 1 nepers/m. (16) 

Some Mechanical Considerations. —Aside from these r-f factors, there 
are some factors of mechanical nature. For instance, the line should be 
as rigid as possible in order to withstand shock and vibration with a 
minimum disturbance of characteristic impedance and power-carrying 
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capacity. Assuming the inner conductor to be a tube and of the same 
metal as the outer conductor, it seems that a relatively large center tube is 
desirable. This makes the two tubes approximately equal in size and 
their behavior under shock and vibration is comparable. Both the center 
and outer tubes should be large and supported at frequent intervals in 
order to keep the resonant frequency of each section of tubing above any 
vibration frequencies likely to be encountered in use. A large center 
tube and frequent supports are also an aid in preventing relative motion 



Fig. 4-3.—Characteristic impedance of an eccentric line. 

between inner and outer tubes when the line is subjected to shock. The 
diameter ratio should not be made too small, however, since the effect of 
eccentricity is much more pronounced for low-impedance lines. Fig. 
4-3 illustrates this eccentricity effect. 

In manufacturing small lines, particularly for the short-wavelength 
end of the microwave region, it is desirable to use a relatively large center 
conductor. The upper limit upon the size of center conductor comes from 
the previously mentioned effect of eccentricity. Within the limitation 
imposed by this effect, a large center conductor makes it easier to fabricate 
such structures as stub supports, slotted center-conductor contacts 
(bullets), and center-conductor capacity couplings like those used for 
rotary joints. 

The summation of these mechanical considerations leads to a com¬ 
promise between the very low diameter ratio indicated by most of these 
considerations and the practical limitation imposed by the increased 
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sensitivity of low-impedance lines to eccentricity effects. Probably a 
diameter ratio of 1.5 to 2 is an acceptable figure. This ratio gives a 
characteristic impedance for air-filled line of 25 to 42 ohms—values that 
are about the same as those for maximum power-carrying capacity, 30 
ohms and 44.4 ohms for the two cases already discussed. 

The 50 -ohm Line as a Compromise Standard .—When choosing a 
coaxial line to serve a given purpose one might choose the line impedance 
to suit the requirements peculiar to the individual application. Depend¬ 
ing on which of the five characteristics already mentioned is considered 
most important, this procedure would lead to the use of a number of 
different impedances over a threefold range, 30 to 93 ohms. Under such 
a system each transmission-line circuit element is a special design problem 
requiring its own special test equipment, such as slotted lines for imped¬ 
ance measurement. Obvious economy both in test equipment and in 
design work can be achieved if a single impedance can be chosen as a 
compromise standard. It has been found convenient to adopt 50 ohms 
as an impedance level offering a satisfactory compromise. For air-filled 
coaxial line this requires a diameter ratio of 2.3, and for polyethylene 
(k e = 2.25) a ratio of 3.5. By reference to Figs. 4-1 and 4-2 the perform¬ 
ance of the 50-ohm line may be compared with that of the line whose 
diameter ratio has the optimum value for each of the four characteristics 
presented there. The results of such an examination are given in Table 
41. 


Table 4-1.—Comparison op 50-ohm Performance with That of Optimum Lines 



Optimum value 

Relative values for 50-ohm line 


of r] 

k e = l,v= 2.3 

k e = 2.25, r, = 3.5 

For a given wavelength: 
Power handled. 

2.09 

0.99 

0.80 

0.96 

Loss length. 

4.68 

0.78 

For a given outer conductor: 
Power handled. 

1.65 

0.86 

0.56 

Loss length. 

3.60 

0.91 

1.00 



Quite apart from line-impedance considerations, a number of different 
line sizes are required in order to meet mechanical requirements and to 
accommodate various wavelengths. A list of some air-filled lines which 
have been used, together with some of their characteristics, is given in 
Table 4-2. 

The theoretical maximum power tabulated is for a peak voltage 
gradient of 30,000 volts/cm and for coaxial cylinders in the absence of 
supports. The recommended maximum powers are based on experi- 







Table 4-2.— Some Coaxial-line Characteristics 
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Lowest safe 
wavelength, 
cm 

g g S 8 2 S 

T-i «’ M UJ N © 

Attenuation, 

db/m 

0.21 

0.20 

0.095 

0.066 

0.045 

0.033 

Recommended 
maximum 
power, kw 

«88g§§ 

Theoretical 
maximum 
power, kw 

© 00 00 © © © 
it iO © rt CO o 

Support 

bead 

stub 

bead 

stub 

stub 

stub 

Impedance, 

ohms 

Tf © 00 -^ © 


Inner- 
conductor 
diam., in. 

0.125 

0.1875 

0.250 

0.375 

0.500 

0.625 

Wall, 

in. 

0.025 

0.032 

0.035 

0.032 

0.049 

0.049 

Line size 
OD, in. 



ence with £-in. stub-supported lines and 
i-in. bead-supported lines in system use. 
These have shown signs of failure in care¬ 
fully made laborotory systems at powers of 
about 500 and 50 kw, respectively. A 
safety factor of 2.5 in power (1.6 in volt¬ 
age) is allowed in each case. These figures 
give a factor of 0.15 between theoretical 
maximum and design maximum for the 
stub-supported series and 0.033 for the 
bead-supported series. The low rating for 
the bead-supported lines is explainable on 
the basis of flashover along the insulator 
and high fields in air spaces between bead 
and center conductor. The attenuation 
figures given are for copper lines. For the 
i-in. line, the wavelength is 3.3 cm; in all 
others it is 10 cm. Silver-plated lines are 
some 60 per cent higher in attenuation. 
Lines made of brass tubing have about 
twice the attenuation of copper lines. In 
Table 4-2, the lowest safe wavelengths 
listed are taken as 12 per cent above the 
cutoff wavelength for the second coaxial 
mode, a criterion based on experience with 
the lf-in. line. It was found that this line 
was usable down to a wavelength of about 
9.3 cm, which is 12 per cent longer than 
that calculated as cutoff for the second 
coaxial mode. These lines have been ap¬ 
proved by the Army-Navy Cable Coordi¬ 
nating Committee as standards for 
microwave use. It is common practice 
to refer to a line by the outer diameter of 
the outer conductor. Thus, the largest 
line listed is commonly referred to as the 
lf-in. line. 

4*2. Couplings for Coaxial Lines.— 

The principal points to consider in 
such couplings are these. First, both 
outer and inner tubes should be joined 
with a minimum of discontinuity in 
order to minimize reflection of r-f power 
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and to prevent any local concentration of fields, by sharp comers, 
which would lower the breakdown power level. Second, the con¬ 
tact resistance of both outer and inner junctions should be kept 
low in order to minimize losses and to prevent burning and consequent 
deterioration of the contacts by the high currents involved. Third, 
it is frequently desirable to provide a pressure-tight junction in the outer 
tube to prevent the entrance of moisture or of corrosive atmosphere or to 
maintain an actual pressure differential. Finally, such features as 



convenience in use and positive clamping action should be considered. 
The following types of connector have been found to satisfy these 
requirements. 

Polarized Connectors .—The coaxial connector most used in micro- 
wave lines is shown in Fig. 4-4. It is a polarized connector; that is, the 
two mating units are not identical. The junction of the outer conductors 
is made by forcing into a female taper a piece bearing a male taper of 
slightly sharper angle. This insures contact’s being made at the tip of 
the male piece and hence at the desired point, the inner wall of the 
outer conductor. The connector is drawn up by means of four screws 
passing through clearance holes in a square flange surrounding the male 
outer connector. The female outer connector is surrounded by a similar 
flange with tapped holes to receive these four screws. A neoprene gasket 
is compressed between the two outer-connector pieces to provide pres¬ 
surization. Its dimensions must be right within small tolerances; it 
must be thick enough to obtain sufficient compression to insure pressuri¬ 
zation, and yet not so thick that it will prevent a good contact between 
the male and female tapers. 

The center-conductor junction is formed by plugging the slotted 
“bullet” of the male connector into the end of the center-conductor tube 
of the female connector. The nose of the bullet is very slightly tapered 
at the point of contact, so that contact is made to the inside of the female 
center tube at its end only. This prevents any reentrant cavity’s being 
formed between the inside of the female tube and the outside of the 
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bullet nose. The circular gap between the end of the female tube and 
the shoulder on the bullet is kept as small as mechanically feasible in 
order to minimize the impedance and field discontinuities set up thereby. 
In the case of the £-in. OD coaxial line, the gap is held to a maximum 
of 0.032 in. The standing wave introduced by this discontinuity is 
certainly less than 1.03 at a wavelength of 10 cm. It is very important 
that the bullet shoulder should not be forced against the end of the female 
tube before the outer-conductor coupling is completely sealed. If 
this should occur, the center conductor would tend to buckle under the 
longitudinal compression so introduced. For this reason the extension 
of the female center tube and the male bullet shoulder are each specified 
according to their respective outer-conductor parts in such a way that 
there is a gap (nominally, 0.016 in. with a tolerance of +0.016 in. in 
the case of the &-in. line) between them when the coupling is drawn 
together completely. It is very important that the slotted bullet be 
springy enough to make good tight contact with the inner wall of the 
female tube. Normally a springy metal (see Sec. 3T) such as heat- 
treated beryllium copper is used for the bullet. A heat-treated chrome- 
copper alloy has been found to have satisfactory mechanical properties 
and, in addition, to afford better thermal conductivity. The quality 
of conductivity is sometimes desirable as, for instance, in plugging into a 
transmitter tube. The heat generated in the contacts and in the glass 
seal is then conducted away more rapidly, reducing the temperature at the 
glass seal. In soldering this bullet into the male center tube, a low- 
melting solder must be used and care must be exercised to prevent injuring 
the temper of the bullet by overheating. In fabrication the bullet is 
sprung out so that it is under radial compression when plugged into the 
female tube. 

Several convenient features of this connector may be indicated. 
There are no loose pieces in the assembly; all the elements of the con¬ 
nector are self-contained except the four standard screws, and these 
can be made captive screws if desired. This feature prevents loss of 
parts and also makes it impossible to omit any vital part in making a 
connection, an omission which has occurred in the case of the double- 
ended bullet of the unpolarized connector discussed later. Another 
desirable feature is that a line to which a connector is to be attached is 
prepared simply by making certain that the outer and inner tubes end 
flush with each other, because the total length of the two outer-con¬ 
ductor parts when coupled is exactly the same as the length of bullet 
plus gap allowance. A third feature is that a certain amount of angular 
misalignment of the axes of the connected lines is permitted by the 
tapers of the outer- and inner-conductor contacts. This misalignment 
cannot be allowed to become large, however, since the tapers are slight 
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and since the pressurizing gasket will not be properly compressed if the 
misalignment is large. 

In the use of any polarized connector, it is advisable to establish a 
convention to be followed in assembling connectors to line sections or 
line components. It is customary to follow the same convention as in 
connecting garden hose; namely, at a connection the power (water) 
flows from transmitter (water main) through a male coupling into a 
female coupling. Thus, the male coupling always points toward the 
antenna (or hose nozzle). In case the line is also used for reception, 
or for reception alone, the male coupling still points toward the antenna. 



This convention is recommended for all transmission lines, whether of 
coaxial or waveguide type. 

Unpolarized Connectors .—Another type of connector which has had 
considerable use is that shown in Fig. 4-5. Since the two line ends 
joined are identical, this connector is said to be “unpolarized.” The 
unpolarized connector has certain obvious advantages in permitting the 
assembly of lines and components in any order or in the turning of any 
piece end-for-end; but it has the disadvantage of requiring two loose 
pieces—the center-contact “bullet” and the outer union. In addition 
to the possible loss of these loose parts, there is also the possibility of 
omitting a bullet or of its falling out of place during assembly. This is 
especially serious in a line containing dielectrics—for example bead 
supports or vacuum seals, since the high standing waves resulting may 
cause permanent damage to the dielectric before the power can be shut 
off. Even if this problem does not exist, as in purely receiving or low- 
power transmitter lines, it is a nuisance to have to take many couplings 
apart until the faulty connector assembly is found. 

The inner-conductor bullet is exactly like the bullet of the unpolarized 
connector on each end. A double-ended bullet is usually shorter than 
the single-ended type, although to obtain the same mechanical properties, 
such as springiness, it should be about twice as long as the latter. Since 
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it is not soldered in place, the pr-oblem of detempering by the heat of 
soldering is avoided. 

The outer contact is made between the outer tubes directly, the union 
sleeve providing the necessary alignment. In order to get good contact 
all around, the tube ends must be finished flat and in a plane perpendicular 
to the tube axis. The special trimming tool shown in Fig. 4-6 drawn to a 
larger scale does this, and at the same time it trims to the proper length 
the sleeve against which the pressurizing gasket is compressed by the 
union. 



Fig. 4-6.—Trimming tool for unpolarized connector. 

This connector has been largely superseded by the polarized con¬ 
nector discussed before and is not recommended because of the difficulties 
just mentioned. 

Other Connectors .—Several other connectors which have been used to 
some extent are shown in Fig. 4-7. They are essentially like one or the 
other of the two connectors already discussed, or combine features of 
the two. The connector shown in Fig. 4-7a requires special care in 
soldering and in finishing the tube ends and is intended for laboratory 
test work only. The connectors shown in Figs. 4-76 and c are designed 
primarily for aluminum lines and do not require any soldering. 

Although the soldering and brazing techniques for aluminum are now 
being worked out, they are still difficult. Corrosion of aluminum in 
general, in soldered or brazed joints, and in contacts with other metals 
gives considerable trouble. Another difficulty encountered with alu¬ 
minum connectors is that the resistance of aluminum contacts is fairly 
high. Since it is presumably caused by a surface film of insulating 
aluminum oxide, the high resistance might be expected to be less trouble¬ 
some in the microwave region where the frequency is so high that the 
capacitive reactance across the insulating layer becomes small compared 
to the contact resistance. To improve the contacts, a silver layer has 
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sometimes been applied, either by electroplating or by spraying molten 


silver onto the contact surface. The 
conductors may be made of alumi¬ 
num tube clad on the inside with a 
thin silver lining in the process 
of tubing manufacture. The outer 
tube can then be flared out so that 
the silver surfaces form the contact. 
The silver lining inside the center 
tube would not serve to decrease the 
attenuation of the line as it does in 
the case of the outer conductor and 
thus would be wasted except at the 
contact. 

4*3. Bead Supports.—One of the 
major problems in connection with 
coaxial lines is that of supporting the 
center conductor. The obvious 
method of accomplishing this is to 
use dielectric insulating washers, 
commonly referred to as “beads.” 
While these beads alter the charac¬ 
teristic impedance and propagation 
constant of the line throughout the 
bead thickness, the impedance dis¬ 
continuity so produced is rather 
unimportant at very low frequencies. 
In this case there are usually many 
beads per wavelength, and one sim¬ 
ply modifies the characteristic imped¬ 
ance and propagation constant of 
the air-filled line to take into ac¬ 
count the presence of a partial die¬ 
lectric filling. 1 In microwave lines, 
on the other hand, the beads are an 
appreciable fraction of a wavelength 
thick, so that the impedance dis¬ 
continuity is sizable. Furthermore, 
there are few, rather than many, 
beads per wavelength. For these 



(0 

Fig. 4*7.—Miscellaneous connectors. 
(a) Unpressurized laboratory connector 
(Raytheon Company). (6) Solderless 
connector for aluminum line, pressurized 
by neoprene gaskets (General Electric 
Company), (c) Solderless connector 
for aluminum line with metallic com¬ 
pression-type pressurization (Radiation 
Laboratory). 


reasons, simply modifying the line characteristics is not sufficient. A 
1 H. T. Kohlhaas, Reference Data for Radio Engineers, Federal Telephone and 
Radio Corp., 1943, p. 116. 
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number of schemes have been devised to circumvent these impedance 
difficulties, as shown in Fig. 4-8. They will be discussed in detail later 
in this section. 

At low frequencies, dielectric losses in lines are usually negligible 
compared to conductor losses, but at microwave frequencies dielectric 
losses become comparable to, and in some cases greater than, conductor 
losses. The dielectric attenuation constant in a line completely filled 
with dielectric is, by Eq. (2-99), 


27.30 \fke, s 
Od, =-r-tan o 


db/m. 


(17) 


This figure is independent of diameter ratio but assumes the dielectric- 
filled line to be matched. This equation applies directly to the undercut 
bead, Fig. 4-8c, since the bead is matched—that is, it is terminated in 
its characteristic impedance. In other arrangements the beads are not 
matched, and as a result the dielectric attenuation constant is larger. 


r va i i m i i 

t va \ r" \ i mmtmz 

(«) ( b) (c) 





(d) ( c) 

Fi.ii 4*8.—Several forms of bead support, (a) Thin bead, (b) Bead grooved to 
increase surface leakage path, (c) Half-wave bead, (d) Undercut (constant impedance) 
bead, (c) Stepped three-quarter-wave bead. 


An effect that may be of comparable magnitude is the increase in the 
beaded section of the conductor loss caused by the introduction of 
dielectric. Fortunately, this increase does not occur for very thin 
beads, since the current flowing in the conductors is the same as that in 
the main fine. 

A problem common to both low and high frequencies is that of voltage 
breakdown. This problem acquires increased importance, however, 
in fines carrying pulses of high peak power, a requirement that is fre¬ 
quently imposed in microwave applications. In this connection three 
effects are of importance. The first is flashover radially along the air- 
dielectric interface, which occurs at a lower field than that required to 
break down either material alone; the extent to which this limits the 
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power is difficult to estimate, and it depends on the character of the 
surface and on humidity effects. The bead faces are sometimes cor¬ 
rugated by concentric grooves similar to those shown in Fig. 4-86 to 
increase the leakage path for surface currents. The second consideration 
is the limitation imposed by breakdown within the insulator itself at 
microwave frequencies and is an element that 
is hard to evaluate. The dielectric strength, 
however, of practically all dielectrics is known 
to exceed that of air by a large factor at ordi¬ 
nary frequencies. This is known to be also 
true of the dielectrics used in flexible coaxial 
cables at microwave frequencies. Hence one 
does not anticipate any limitation on power 
by reason of breakdown in the body of the di¬ 
electric. The third effect is the increased field 

in the air film which is likely to exist between Fig. 4-9.—Loose-fitting coaxial 

bead and conductor. If a cross section such bead * 

as that of Fig. 4-9 is considered, it is recalled that the electric displacement 
must be constant across the boundary c 

E c (air) = k e E c (dielectric). (18) 

For very thin air films this may be written 

E f = k e E a , (19) 

where E f is the electric field strength in the air film and E a that in the 
dielectric at r = c ~ a. The air film may be thin enough to give a 
negligible contribution to line voltage, characteristic impedance, power 
transmission, and so forth, but still so thick that it contains enough gas 
to give breakdown trouble. Any thickness that is large (compared with 
mean distance through which an accelerated electron moves between 
collisions with the molecules of the gas) would be sufficient to cause 
such breakdown trouble. Since this mean distance is of the order of 
10~ 6 cm at atmospheric pressure, it is clear that films of air of several 
orders of magnitude greater than this figure might easily occur. The 
critical field strength at breakdown may be assumed to be the same in 
the air film as in the main line, but there is evidence 1 to indicate that 
larger r-f fields may be tolerated in small gaps, just as in d-c breakdown. 
Therefore, any estimate of power-handling capability based on this 
assumption may be regarded as fairly conservative. 

In the case of thin beads, the total voltage across the line is the same 
in the bead as in the unbeaded line; therefore, the field in the dielectric 
1 D. Q. Posin, I. Mansur, H. F. Clarke, “Experiments in Microwave Breakdown,” 
RL Report No. 731, Nov. 28, 1945. 
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would be identical with that in the unbeaded line at any given radius. 
If a very thin air film were present, the field in it would be given by 
Eq. (19); hence, the power transmitted by the line must be reduced by 
the factor k\ to prevent breakdown in the air film. If the bead is of poly¬ 
styrene, k e = 2.56, the power-reduction factor is 6.6 (multiplying factor 
0.15). The same factor applies to the half-wavelength line, since the 
maximum voltage occurs at the ends where it is equal to that in the 
unbeaded line. 

For the undercut bead, the total voltage is again the same as that of 
the unbeaded line, but the center-conductor diameter has been decreased. 
Since the undercut section is matched, Eq. (14) is applicable, where 
E„ is the field in the dielectric at r = c « a. In view of Eq. (19) E a may 
be replaced by E f /k e . The power transmitted by a matched dielectric- 
filled line in which an air film is present is then given by 


„ Ejb 2 In 17 

1 120 kP v 2 ' 


( 20 ) 


Comparison with the power P 0 carried by an air-filled line of the same 
characteristic impedance and same outer-conductor radius gives the 
power-carrying factor 

^ = V (jf = tV ! {Vk. - 1), (21) 

where 17 is the diameter ratio in the air-filled line and t\ that in the under¬ 
cut beaded line (In 17 = In ij'/\fk e ). 
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Fio. 4-10.—Bead lines. 


Thin Beads .—While bead-supported lines have largely been sup¬ 
planted by stub-supported ones, some of the early transmission lines 
were beaded. The standard f-in. OD line was used, both outer and 
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inner conductors being of copper tubes. Sections of such a line are 
shown in Fig. 4-10. The beads were of polystyrene, and the dimensions 
were made in such a way that the beads fitted tightly onto the center tube 
but loosely into the outer. This permitted affixing the beads at the proper 
intervals onto the center tube and then pulling the assembly into place 
within the outer tube. Since the tubes were of soft copper and the beads 
gave support at frequent intervals, gentle bends in the completed line 
were permissible. With sufficient care, a bending tool could be used to 
obtain bends on a radius as small as four inches. The molded polystyrene 
beads were 0.100 in. thick, 0.254 in. in inner diameter to fit closely around 
the 0.250-in. inner tube, and 0.500 in. in outer diameter to permit a loose 
fit within the 0.555-in. ID outer tube. 



The mismatch introduced by a bead that fits tightly against both 
outer and inner conductors is easily calculated (see Fig. 4T1). Figure 
4T1 gives an enlargement of that portion pertaining to thin beads. From 
this graph it is found that a 0.100-in. (.04 wavelengths at X = 10 cm) 
polystyrene bead is expected to give a VSWR of 1.27. Since the bead 
fits loosely in the outer tube, the VSWR should be reduced, and r = 1.23 
is the experimentally determined 1 value. The figure is further reduced 
by the crimping technique used to hold the bead in place on the center 
tube, because the crimping, which consists of deforming the center tube 
on both sides of the bead by squeezing it between parallel knife edges, 
increases the characteristic impedance in the crimped portion of the line. 
These short sections of high-impedance line partly compensate for the 
section of low-impedance line formed by the bead. The crimping used 
in the f-in. line was found by Reed 2 to reduce the VSWR from 1.23 to 
1.15 at X = 10 cm. Since the crimping has a rather large effect on the 
VSWR introduced, it must be carefully controlled. 

1 J. Reed, “Broad-band Bead Spacing,” M.I.T. Bachelor’s Thesis, January 1943 

2 Ibid. 
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A number of bead-spacing schemes have been proposed. 1 Theoretical 
analyses of the performance of some of these schemes have been made by 
Condon 2 and by Hanson. 3 The more promising schemes are based on 
the cancellation of the reflections of two beads when spaced approxi- 





(a) 



L«_J U«J I 

i X 0 equivalent — 

( 6 ) 



Fig. 4-12.—Basic bead spacings. (a) 
Quarter-wave-spaced pair. (6) Uniform 
quarter-wave spacing, (c) Lawson spac¬ 
ing for four. 

« + P 


mately a quarter wavelength apart, 
as in Fig. 4T2a. Figure 4T3 gives 
the performance of a pair of i-in. 
polystyrene beads spaced for can¬ 
cellation X = 10 cm in Curve XI, 
and for comparison, that of a single 
bead in Curve I. Using the nomen¬ 
clature of Fig. 4T2a, it can be 
shown that the condition for reflec¬ 
tionless spacing of a pair of beads 
is 

tan a tan j8 = (22) 

Since the right-hand member of 
this equation is approximately 
unity, one may write an approxima¬ 
tion which is extremely good for 
thin beads, 

« + P « iX, (23) 

where all electrical angles are ex¬ 
pressed in terms of wavelengths. 
For example, the angles of Fig. 4*13 
are j8 = 0.05, a = 0.195, and 
= 0.245. 


Building up a bead-spacing scheme based on pairs spaced a quarter 
wavelength apart, one may use uniform spacing between beads as in 
Fig. 4126 keeping the total number of beads even. The spacing between 
pairs is equivalent to a half wavelength; consequently, the reflections 
from the two pairs are approximately in phase and lead to the high wave¬ 
length sensitivity of Curve III of Fig. 4-13. If the two pairs are spaced 

1 J. L. Lawson, “Design and Test of Concentric Transmission Lilies,” EL Report 
No. 141, July 14, 1941; W. W. Salisbury, unreported early work using half-wave air 
line between beads; John Reed, op. cit. 

* E. U. Condon, “Low-loss Coaxial Cables for Micro-Waves,” Research Report 
R-94293-E, Westinghouse Research Laboratories, Apr. 17, 1941. 

* W. W. Hansen, “Notes on Microwaves,” Chap. VII of the notes prepared by 
S. Seeley and E. C. Pollard based upon Hansen's lectures to the personnel of Radia¬ 
tion Laboratory in 1941-1942. 
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the equivalent of three-quarters wavelength apart, as in the Lawson 
system of Fig. 4-12c, the response curve is flattened as indicated by 
Curve IV of Fig. 4-13. This gives a great improvement near midband, 
but it should be noted that at about 8.3 and 12.5 cm the curves cross, 
the Lawson spacing going to much higher values than that of the uni¬ 



form spacing. Hansen 1 2 3 4 has analyzed, by an approximate method, the 
behavior of these curves as more and more beads are added. His 
results may be summarized in the following manner. 

1. The curve for the uniformly spaced line becomes steeper and 
steeper, whereas that for the Lawson line becomes flatter and 
flatter, in the neighborhood of midband. 

2. The maxima on either side of midband wavelength move in closer 
and closer and secondary, tertiary, etc. maxima enter the range of 
wavelengths being considered. 

3. It can be shown that the amplitudes of the maxima, in the case 
of the uniform line are limited to approximately that of Curve I 
for a single bead in the wavelength region considered in Fig. 4-13. 
On the other hand, the maxima of the Lawson line are not thus 
limited, and as a result extremely high standing waves will occur 
at a wavelength fairly close to midband if many beads are used. 

4. Hansen concludes that for short lines having few beads the Lawson 
line is best, but for long lines the quarter-wave uniform spacing 
is to be preferred. If a total bandwidth of AX at a midband wave- 

1 Hansen, op. tit. 




162 RIGID TRANSMISSION LINES [Sec. 4-3 

length X 0 is desired, then the Lawson spacing is not bad, providing 
the number of beads is less than 


t = 2 -. 


Fluctuations in bead thickness, variations in crimping, and errors 
in positioning of beads may introduce enough randomness to alter the 
predicted behavior markedly. Line losses also tend to reduce the 
cumulative effect of reflections. Reed has suggested that beads be 
assembled in groups of eight, the spacing between groups to be random. 



Fig. 4-14.—Mismatch caused by a bead as a function of thickness. 

His system for the eight beads is as follows: the spacing between beads 
in each pair to be right for one wavelength, that between pairs in a set 
of four to be right for another, and that between the two sets of four to 
be right for a third wavelength. By choosing the three wavelengths 
properly a low YSWR may be obtained over a considerable band. 

Half -wavelength Bead .—Since the input impedance of a half-wave- 
length section of transmission line is equal to its output impedance 
regardless of its characteristic impedance, a bead whose thickness is 
half a wavelength (in dielectric) introduces no mismatch. If the bead 
length is chosen properly for midband the YSWR introduced will be a 
function of the deviation from half wavelength, as indicated by Fig. 
4-14. The performance of beads which are made a half wavelength long 
at 10 cm is shown in Fig. 4T5. Comparison of the curve for the half¬ 
wave polystyrene bead with those of Fig. 4T3 for thin beads reveals 
the relatively high wavelength sensitivity of the ha^-wave bead. 

Because of its high frequency sensitivity, its high dielectric loss 
(because of the large amount of dielectric present), and because of various 
mechanical reasons, half-wavelength beads are not used for transmission¬ 
line supports. They have found limited use as frequency-sensitive 
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elements purposely introduced to cancel the frequency sensitivity of 
some other circuit. 

Undercut Bead .—If the size of the inner conductor is reduced by the 
proper amount, the characteristic impedance in the bead-filled line 
can be made equal to that in the air-filled line (see Fig. 4-8d). In 



order to achieve this equality the inner conductor must be reduced from a 
radius of a to a radius a', so that 

Z 0 = 60 In - = In^24) 
a yfk e a v ' 

While at first this seems an ideal solution to the problem, there are 
practical difficulties. The problem of assembling the bead onto the 
undercut section may be solved by making the beads in two halves, split 
along a diameter; or it may be preferable to make the center conductor 
in many sections, one for each bead, and to assemble the sections by 
screwing or press-fitting each section to the next with the bead in place. 

High-power breakdown may occur more readily in an undercut bead 
than in other types, because the sharp edge e shown in Fig. 4-8d naturally 
leads to a high electric-field concentration. Since this edge occurs at 
the bead surface, flashover along the dielectric surface is likely to occur. 
This tendency may be greatly reduced by rounding the edge; at the same 
time this rounding probably tends to decrease the net shunt-capacity 
effect (see below) at the junction. If such rounding is used, it is felt 
that breakdown is less . likely to occur here than at the other vulnerable 
spot, namely, in the air film between the bead and the center conductor 
whose diameter has been reduced. 

As discussed in Sec. 4*5, whenever a change of diameter occurs in 
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either of the coaxial conductors, or in both, the effect of the fringing fields 
so produced is equivalent to adding a certain capacity in shunt with the 
line at that point. If an undercut bead support is designed without 
compensating for this, a certain amount of mismatch will result. In 
the case of the 0.25-in. polystyrene bead in the f-in. line of Table 4-1, 
calculation shows the shunt capacity introduced by the step at each end 
separately to be 6.8 X 10 -14 f. At X = 10 cm this leads to a capacitive 
susceptance of 0.062F 0 , but the proximity effect, caused by the two 
discontinuities being relatively close together, reduces this to 0.055Fo- 
The over-all mismatch for the bead then amounts to a YSWR of 1.09. 

In discussing power-handling capacity, it was remarked that rounding 
the corner where the center conductor changes diameter would be 



expected to decrease the net shunt-capacity effect. This surmise is 
based on the fact that a decrease in the diameter of the center conductor 
gives rise to a short section of high-impedance line, which has an induc¬ 
tive effect. The degree of rounding required to give perfect compensation 
could be easily determined experimentally. 

A simple and effective way of compensating for the shunt-capacity 
effect, in the case of beads that are thin compared with a wavelength, 
is to reduce the characteristic admittance Yb in the beaded section. 
The rectangular-coordinate admittance diagrams of Fig. 4-16 show how 
this reduction accomplishes the desired result. The vertical lines ab and 
cd represent the shunt susceptance at the two bead surfaces, and the 
arc be represents the electrical length of the bead. The input admittance 
is represented by d, and the error in closure da is a measure of the mis¬ 
match introduced. For a given bead thickness, Yb is chosen to give 
perfect compensation near the shortest wavelength to be used. Since 
both the susceptance and the bead thickness in wavelengths are inversely 
proportional to wavelength, a reasonably low YSWR results for any 
X > X miI> . The thinner the bead is, the better the broadband perform¬ 
ance. Unfortunately, decreasing the characteristic admittance in the 
bead means still larger steps in the conductor size and hence larger 
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shunting effects. Practically, however, this is not a serious effect. 
Figure 4* 17 gives the dimensions for such a compensated bead designed 
for 10 cm and its calculated wavelength performance. 



5 10 20 40 

Xin cm 


Fig. 4-17.—Undercut bead with high- 
impedance compensation. 



X in cm 


Fig. 4-18.—Undercut bead with quarter- 
wave compensation. 


Another method of compensation is to make the bead a quarter wave¬ 
length long, leaving its characteristic admittance the same as that of the 
main line. This spacing of the two shunt-capacity effects gives cancel¬ 
lation at the design wavelength 


but does not perform especially 
well over a broad band. Figure 
4T8 gives the dimensions and per¬ 
formance for such a bead. 

Having designed beads in this 
way to have as low a mismatch 
as possible, it is further advisable 
to space them at odd quarter- 
wavelength intervals. This 
avoids cumulative addition of the 
reflections which, though individ¬ 
ually small, may attain very large 
values if a number combine in 
phase. The discussions given 


CAB 



Fig. 4-19.—Three-quarter—wave beads with 
steps. 


previously relative to quarter-wave and alternative spacing schemes apply 
here although, of course, in the present case the mismatch per bead is 
much smaller. 


Three-section Bead .—It is sometimes convenient to have a bead that 
is a complete well-matched unit. The half-wave bead is of this type, but 
it is not desirable because of its high frequency sensitivity. A broad- 
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band bead may be made in the forms indicated by Fig. 4*19. The 
characteristic impedance Z" of section A is easily calculated by use of 
Eq. 74. The characteristic impedance Z' 0 of sections B and C is to be 



(c) 


Fig. 4-20.—Impedance transformations in 
three-section bead (Z'o= \/Zo Z"o). (a) 

Midband, X = Xo; Xi, Xi, Xi all equal to X/4. 
(b) X > Xo; X u X 2 , Xi less than X/4. (c) 

X < Xo; Xi, Xi, Xt greater than X/4. 

terminated in the impedance Z a = Z { 


made the geometric mean between 
Z 0 and Z", and the length Xi is 
to be made an effective quarter 
wavelength, in order to provide 
matching transformers between Z 0 
and Z". Since the completely 
filled section A is thereby operat¬ 
ing in the matched condition, its 
length Xi might seem to be unim- 
portant. However, if Xi is 
chosen to be a quarter wave¬ 
length, a very desirable broadband 
response is obtained. 

The impedance transforma¬ 
tions involved are shown in the 
rectangular impedance plots of 
Fig. 4-20. The source is consid¬ 
ered to be at the left in Fig. 4-19 
and the line to the right is as¬ 
sumed to be matched. 

It is desired to follow the im¬ 
pedance transformations along the 
bead from point a to b, c, and d of 
Fig. 4-19. The output end a is 
and from this point on Fig. 4-20 an 


arc is described clockwise about the impedance Zq to obtain the impedance 


Z b . From & to c, the arc is about Z" and from c to d it is again about Z' 0 . 



(Strictly speaking, the arcs on the diagram are not centered exactly 
at the impedances Z' a and Z", but for the purpose of qualitative argu¬ 
ment one need not worry about this discrepancy.) At midband, Fig. 
4*20o, the center section be is matched at the impedance level Z". Above 
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midband wavelength (Fig. 4-206) and below (Fig. 4-20c) the section 
be tends to compensate for the departure of the lengths of the end sec¬ 
tions from the quarter-wave value. The calculated performance of such 
a bead, made of polystyrene and designed for a midband wavelength 
of 10 cm, is given by Curve a of Fig. 4-21. Comparison reveals that this 
type of bead is considerably better than the half-wavelength bead of 
Fig. 4-15 and that it is slightly better than the Lawson spaced set of four 
beads, Curve IV of Fig. 4-13. 

A slightly broader band may 
be obtained, at the expense of in¬ 
troducing a mismatch at midband, 
by reducing the impedance Z’ 0 . 

The effect of this reduction may be 
seen on the impedance diagrams of 
Fig. 4-22. There will be a pair of 
wavelengths, one above and one 
below midband, for which the 
modified bead will be perfectly 
matched, as indicated in the dia¬ 
grams b and c of Fig. 4-22. It may 
be shown that if the impedance Z' 0 
is reduced so that it is given by 

ZJ = i v%z?, 

then the VSWR at midband is 
r = F\ 

If the midband VSWR is to be 
kept below 1.05, F may be chosen 
equal to 1.012. The resulting per¬ 
formance for a polystyrene bead is given by Curve b of Fig. 4-21. The 
band within which r is below 1.05 has been increased by this means from 
a full width of 2 per cent to one of 2.8 per cent. The shape of the curve 
is that characteristic of a double-tuned circuit. 

The design equations for the original bead, matched at a midband 
wavelength X 0 , are as follows: 


4 ’ 

(25 0 ) 

T k e~ V \ 

4 ’ 

(256) 

/ke-Vk.\ fVE-l\ 

A *.-1 ) v k .-1 ) 
b a 

(25c) 



(c) 


Fig. 4-22.—Impedance transformations 
for broadband bead (Z'o < Vz 0 Z"o). (a) 
Midband, X =- Xo; Xi, Xi, Xa all equal to 
X/4. (b) X > Xo; Xi, Xa, X 3 less than X/4. 

(c) X < Xo; Xi, X 2 , X3 greater than X/4. 
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Relation (25a) merely expresses the fact that X 2 is a quarter of the wave¬ 
length X 0 /y/ke in a completely filled line section. Relation (256) 
comes from a consideration of the fact that both the effection wavelength 
and characteristic impedance in a transmission line vary as l/y/C 
if L is kept constant (see Table 2T, Items 2 and 4). Since the charac¬ 
teristic impedance Z' 0 is the geometric mean of Z 0 and Z", the correspond¬ 
ing effective wavelengths, Xo, X 0 , and X", must bear the same relationship, 

Xq — VXoX'o. 


The characteristic impedance of 
(Fig. 4-19) is 

Z' 0 = 60 In - 


partially filled section of line 


Jc e In —b In - 


(26) 


k e In - 


This equation is derived by calculating L, the inductance per unit 
length, and C, the capacitance per unit length, and using the relation 
Z = ■s/L/C . When this is solved simultaneously with 

Z'o = VzM' = 60 k e -y* In (27) 


the result is Eq. (25c), which may be written in the alternative form 

logic c = (v/ ^ logl ° 6 + logl ° a) ‘ (28) 

For the second type of bead shown in Fig. 4T9 the lengths Xi and X 2 
are the same as before and are given by Eqs. (25a) and (256). The 
dimension d may be shown to be given by 

logio d = (logio b + y/ke logio a). (29) 

T his type of bead recommends itself particularly at the shorter wave¬ 
lengths, where it is very difficult to make a bead thin enough to obtain 
a low VSWR. For the longer wavelengths this bead may be too long 
to be practical in many cases. The long bead-to-conductor contact 
surface (along the inner conductor of the first type of Fig. 4T9 and along 
the outer on the second) may be especially obj ectionable. The contacting 
surfaces may be limited to the central quarter-wavelength section by 
making the partial filling of dielectric occupy a position intermediate 
between conductors without contacting either. 

One would expect all forms of this bead to be relatively good for 
handling high power. The center section is matched, and the fields 
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in the air gaps in the end section, while larger than those in the main 
line, are not so high as those in the air gaps of the beads discussed 
previously. 

There is some fringing of the electric fields at all points of impedance 
change, since the fields in the main line and in the completely filled section 
are purely radial and fall off radially as 1/r, while those in the partly 
filled section suffer a discontinuity at air-to-dielectric boundaries. As a 
matter of fact, some component of electric field in the ^-direction (par¬ 
allel to the axis of the line) must exist in the partly filled sections. ■ These 
fringing fields would be expected to contribute a shunt-capacity effect 
paralleling the line at the points a, b, c, and d. Since these points are 
spaced by a quarter wavelength, some degree of cancellation results. 

An experimental model of the first type of bead of Fig. 4-19 was made 
for thei-in. coaxial line for operation at 3.33-cm midband. The dielectric 
used was Teflon ( k e = 2.1), and the dimensions were 


Xx = 0.272 

in., 

X 2 = 0.226 

in.. 

2a = 0.1875 

in., 

2b = 0.437 

in., 

2c = 0.310 

__i:_ A* 

in. 


The voltage standing-wave ratio was measured from X = 3.02 to X = 3.65 
cm, and it was found to agree, within experimental error, with the 
predicted behavior. The experimental error caused by load, connectors, 
and slotted section was unfortunately of the order of r = 1.06 but it 
could safely be said that the VSWR was lower than approximately 1.12 
over this band. 

The possibility of the existence of a resonance, caused by the second 
coaxial mode, was not entirely eliminated. The dimensions of the coaxial 
line are such that this mode may propagate in the completely filled section 
and in all probability ft can do so in the partly filled sections. There 
should be little tendency to excite this mode, however, because it is an 
asymmetrical mode while the bead is supposed to be made as nearly 
symmetrical as possible. One should bear in mind the possibility of 
encountering resonance trouble, especially if the beads themselves are not 
symmetrically made or if they are placed near some circuit which tends 
to excite the second coaxial mode. For example, such beads should 
not be placed near a transition unit from coaxial line to waveguide, nor 
near a coaxial-line stub support. 

This same warning is applicable, to some extent, to most Coaxial- 
line beads. It is particularly pertinent when the line size is so large 
compared with the operating wavelength that propagation of the second 
mode becomes possible in the bead. In such large lines the second mode 
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is not attenuated very rapidly in the air-filled part of the line; conse¬ 
quently, special care must be taken to keep beads at a safe distance from 
asymmetrical circuits. As an example of this difficulty, erratic behavior 
was noticed in an attempt to design a transition from coaxial line to 
waveguide for a wavelength of 3.3 cm, and the trouble was traced to the 
bead of the type N connector which supported the coaxial line about a 
quarter inch from the waveguide wall. When this bead was moved to a 
distance of about three-quarters of an inch, normal behavior was obtained. 




Fig. 4-23.—Simple T-stub support for coaxial line. 


4*4. Stub Supports and Angles.—The impedance mismatch intro¬ 
duced by dielectric bead supports in coaxial lines causes increasing 
diffi culty as the wavelength becomes shorter. It is fortunate that an 
alternative method of supporting the central conductor becomes practical 
at these shorter wavelengths. This method employs a branch line of 
the type illustrated in Fig. 4*23, which is commonly referred to as a 
“stub support.” 

Simple T-stub Supports .—The principle of operation of such a stub 
support is briefly as follows: at the junction point, the voltage between 
inner and outer conductors of the branch line is the same as that across 
the main line at that point, and the current flowing into the junction 
from the input line (for example, that in the center conductor from the 
left-hand branch) is divided between the branch line and the output 
line. On the basis of these observations it can be said that the stub line 
is a shunt circuit in parallel with the main line. 

The stub fine is terminated in a metallic short circuit, so that it 
presents a purely susceptive admittance at the junction. 

Ya = —jYo cot ~ = jB s . (30) 

The characteristic admittance of the stub line is assumed to be equal to 
that of the main line Y 0 since it will be in the usual type of stub in which 
the same size conductors are used in both the stub and the main line. 
At any given wavelength X the length l may be chosen equal to X/4, 
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in which case Eq. (30) becomes 

Ys - jY 0 cot | = 0. ( 31 ) 

Under these conditions the stub line presents zero susceptance at the 
junction, so that it does not introduce any mismatch into the main line. 

If the stub line is made of length l = X 0 /4, the susceptance introduced 
by the stub at any wavelength X is, by Eq. (30), 


£„= -Focot^). (32) 



Fig. 4-24.—Performance curves for simple Fig. 4-25.—Stub length vs. wavelength for 

T-stub. match for stubs of Fig. 4-24. 


The voltage standing-wave ratio introduced into the input line by this 
susceptance shunting the main line is given by Item 8 of Table 2-2 and 
by the curve of Fig. 2-12. The theoretical-performance curve for a 
simple T-stub of this type is given by Curve a of Fig. 4-24. Measure¬ 
ments reported by Pound 1 on three experimental models are plotted as 
Curves b, c, and d. The frequency sensitivity of the actual stubs is 
seen to be in good agreement with that predicted by simple theory. 

In Fig. 4*25, the stub length giving perfect match at a wavelength X 
is plotted against X for the three stubs of Fig. 4-24. Comparison with 
calculated quarter-wave values shows marked deviation between experi¬ 
ment and simple theory. An extremely useful correlation which is 
approximately valid for many line sizes and wavelengths is presented 
in Curve II which indicates that the stub length should be approxi¬ 
mately a quarter wavelength, measured from the inner surface of the 

1 R. V. Pound, “Stub Supports in -g-in. Coaxial Line,” RL Report No. 232, May 19, 
1942. 
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outer conductor. The simple theory does not predict the correct stub 
length because the fields and currents in the region of the junction are 
badly distorted, and the region within which such distortions exist is an 
appreciable fraction of a wavelength. The approximate correlation 
between the quarter-wave value and the stub length measured from the 
inside surface of the outer conductor of the main line could hardly be 
other than fortuitous, but it is nevertheless a bit of information worth 
remembering. 

In view of the discussion of the preceding paragraph it might be felt 
that it is rather remarkable that any stub length may be found that 



Xin cm 


Fig. 4-26. —Broadband T-stub support. Fig. 4-27. —Performance of broadband 

stub in i-in. coaxial line. I = theoretical 
simple stub; II = theoretical broadband; 
III = experimental. 

yields perfect match past a T-stub. As a matter of fact, perfect match 
is not achieved by any choice of stub length in the right-angle stub 
support to be discussed presently (see Fig. 4-26). The obvious difference 
between these two types of stub supports is that the straight-through 
T has perfect output-input symmetry with respect to the plane passing 
through the stub perpendicular to the axis of the main line, while there 
is no such plane of symmetry in the right-angle stub. 

It can be shown in a perfectly general way that any circuit that 
possesses this property of symmetry can be adjusted to give a perfect 
match, while those not possessing such symmetry cannot, in general, 
yield perfect match. The methods by which this general proof is given 
are discussed in another volume of this series (see Vol. 8, Chap. 9). 

Throughout the foregoing discussion the stub is assumed to be of 
perfectly conducting metal and hence loss-free. An accurate calculation 
of the loss to be expected from a stub support is extremely difficult 
mathematically, but an estimate may be easily made based on simple 
theory which should be approximately correct. It is likely that the 
actual loss is somewhat higher than this estimate because of additional 
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currents in the junction region that are associated with the fringing 
fields existing there. According to the simple theory the maximum volt¬ 
age amplitude in the stub branch occurs at the junction and is just equal 
to that in the main line, while the maximum current amplitude occurs 
at the short-circuiting plug and is just equal to the current amplitude in 
the main line. The amplitude of the current decreases cosinusoidally 
from the short-circuiting plug to zero at the junction. Since the con¬ 
ductor losses at any point in a line are proportional to the square of 
the current amplitude at that point, the losses in a quarter-wave stub 
may be shown to be just half that in a quarter wavelength of the main 
line. 

The power-handling capacity of a stub-supported line is, of course, 
less than that of the section between supports, but the magnitude of 
this effect for a simple stub is not well known, either theoretically or 
experimentally. An indication of the magnitude is obtained from experi¬ 
ments on the standard i-in. coaxial line, which would be expected to 
break down at about 1200 kw pulse power, assuming the critical or 
breakdown field to be 30,000 volts/cm. A short smooth section of such 
a line, held between sections tapering from a larger size line, gave break¬ 
down at about 800 kw, while a section of line supported by the broadband 
stub (to be discussed later in this section) broke down at about 600 kw. 

Broadband T-stubs .—The wavelength sensitivity of the simple stub 
support was higher than desirable. The first attempts to circumvent 
this difficulty followed the earlier procedure used in bead supports, 
namely, spacing two such stubs at one-quarter or three-quarters wave¬ 
length apart. By choosing individual stub lengths correct for one 
wavelength and spacing them for cancellation at another, an acceptable 
double-tuned circuit response was achieved. 1 

An ingenious method of compensating for the frequency sensitivity 
of a single stub was proposed by Pound. 2 The view of Fig. 4-26 shows 
the structure, and the admittance charts of Fig. 4-28 illustrate the prin¬ 
ciple. The points on the admittance diagrams labeled r, s, t, and u 
correspond to the same points on Fig. 4-26. Assuming a generator 
to be located at the left of the stub and the output line at the right to 
be matched, the admittance may be traced through the stub assembly 
from right to left. At midband, Fig. 4-28o, the stub length has been 
chosen so that it will introduce no shunting effect at the point st; and 
the low-impedance section ru is exactly half a wavelength long so that 
its input admittance is equal to its output admittance Y 0 . Thus the 
stub is perfectly matched at Xo. At a particular wavelength X s > X 0 , 

1 W. P. Mason, “A Band Pass Metallic Support for Coaxial Transmission Lines,” 
BTL Report MM-42-160-1, Jan. 3, 1942. 

a Pound, op. cit. 
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the line section rs is less than X 2/4 in length; consequently, the admittance 
at s is capacitive as shown in Fig. 4*286. But the stub length is also less 
than X 2 /4; therefore, it adds a shunt inductance effect to bring the 
admittance to the point t, symmetrically below s. The other half tu 
of the broadbanding transformer then transforms this admittance back 




to the value of the output ad¬ 
mittance Yo, and results in perfect 
match at X 2 . At some particular 
wavelength Xi < X 0 the conditions 
are as depicted in Fig. 4*28c. The 
admittance at s is now inductive, 
while the stub adds capacitance to 
give the symmetrical admittance 
point t which is then transformed 
by the section tu back to Y 0 . 

It can be shown by simple 
transmission-line theory that the 
design relations required to 
achieve perfect match at wave¬ 
lengths Xo, Xi, and X 2 , are 

“"'(Is) 



Fig. 4-28.—Admittance diagrams for 
broadband T-stubs. (a) Stub is equal to 
Xo/4 and adds nothing, (b) Stub is less than 
X2/4 and adds inductance, (c) Stub is 
greater than Xi/4 and adds capacity. 

manipulation of Eq. (33) gives 


= ten 2 fe°) = ^ < 33) 



+Ml)- 2=o - (34) 

Any two of the wavelengths X 0 , 
Xi, and X 2 may be chosen at will; 
the third and the value of p 2 will 
then be determined by Eq. (33) 
and the impedance Z x will be 
determined by Eq. (34). A little 

(35a) 


2XiX 2 
Xo = xT+T,’ 


Vo = $(V! + V 2 ), 



(356) 

(зба) 

( збб ) 
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On a frequency scale, midband is simply the arithmetic mean of the 
other two values, while on a wavelength scale the relation is more 
complicated. 1 

The theoretically predicted and experimentally observed performances 
of a stub of this type are given in Fig. 4-27. That of a narrow-band 
stub is given for comparison. In Table 4-4 are given the dimensions 
that have been experimentally determined for a number of stub supports 
of this type. For a given line size and wavelength band all dimensions 
except the stub length L are calculated from the design equations. The 
stub length is made the design variable and is adjusted until the desired 
performance curve is obtained. 


Table 44.— Dimensions for Broadband T-stubs (Fig. 4-26) 
All dimensions in inches, wavelengths in centimeters 


Line size 

z 0 

Conductors 

Transformer 

Stub 1 
length L 

Xo 

di 

d 2 

* 

Lz 

i 

51 

0.187 

0.437 

0.218 

0.630 

0.516 

3.2 

1 

48 

0.250 

0.555 

0.283 

1.600 

1.113 

8.1 

f 

46 

0.375 

0.811 

0.425 

1.600 

1.238 

8.1 

f 

46 

0.375 

0.811 

0.425 

1.950 

1.450 

9.9 

i* 

44 

0.375 

0.785 

0.425 

1.950 

1.450 

9.9 

it 

75 

0.250 

0.875 

0.327 

1.970 

1.311 

10.0 

11 

50 

0.500 

1.152 

0.573 

1.600 

1.425 

8.1 

if 

53 

0.625 

1.527 

0.725 

1.950 

1.750 

9.9 


* Not a standard line. An early line used in Pound’s original design. 

t Not a standard line of the 50-ohm series. Data taken from Microwave Transmission Design 
Data, Sperry Gyroscope Co., May 1944, p. 57. 


It is interesting to note the similarity between the response curve of 
Fig. 4-28 and that of a triple-tuned circuit. These stubs have been 
designed to give perfect match at three wavelengths differing by some 
10 per cent. As the wavelengths Xi and X 2 are chosen closer and closer 
to X 0 , p of Eq. (33) becomes larger and larger. In the limit, when 
Xi = X 0 = X 2 , the coefficient 1/p 2 of the linear term of Eq. (34) becomes 
zero. Equation (34) then becomes 

1 This observation is in keeping with the more general principle that the behavior 
of most circuits tends to be more symmetrical when plotted on a linear frequency scale 
than when plotted on a linear wavelength scale. Specific examples of this principle, 
in which perfect symmetry in the plot of VSWR vs. frequency is given by the theory, 
are (a) the half-wave bead and three-quarter-wave beads of Sec. 4-3, (6) the simple 
T-stub of this section, and (c) the complete broadband stub assembly being discussed 
here. Usually, any simple device, matched at a frequency v 0 and involv ing only 
elements whose electrical angles are some multiple n, either even or odd, of v/2 at 
midband, will possess this symmetry. These observations constitute a rather strong 
argument in favor of plotting performance curves in terms of frequency. 
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gy-ffi) 2 —°. < 37 > 

which has the solution 

f 1 = 0.8393. (38) 

Zo 

This solution corresponds to the critically coupled triple-tuned circuit 
which is perfectly matched at midband, and at midband only, and which 
has a very flat response curve in the neighborhood of midband. As Z x 
decreases from the value Z 0 toward the value 0.8393Zo, the performance 
curve starts from that of a simple stub and becomes progressively flatter 
until it reaches critical coupling. Any further decrease in Z x causes 
the overcoupling response curve to appear, and the spread in the wave¬ 
lengths Xi, X 0 , X 2 becomes progressively larger as Z x decreases. If 
Zi is decreased too much, rather high mismatch will begin to appear in 
the intervals between these three wavelengths. For the stubs of Table 
4-4 the VSWR remains well below 1.01 (by calculation) in these inter¬ 
mediate intervals. Incidentally, the wavelengths Xi and X 2 spread 
rapidly as Zi decreases. For Xi = 0.9Xo, one obtains Z\ = 0.835Zo, 
which is only one-half of 1 per cent lower than the critically coupled 
value, 0.8392. A variation of another half per cent to Z x = 0.831Z 0 
makes Xi = 0.87X 0 . 

There is a sirm.ll phase distortion in the broadband T-stub which 
should be taken into consideration when the application demands high 
precision in this regard. Pound 1 evaluated this distortion, both theo¬ 
retically and experimentally, for the f-in. line version. The correction 
AT, to be applied to the mechanical length of line containing such a stub 
in order to obtain its equivalent electrical length was found to have the 
values given in Table 4-5. 


Table 4-5.— Phase Distortion in Broadband Stub Support of Fig. 4-28 
Electrical length = mechanical length +AL. 

All units are in centimeters 


X 

8.4 1 

9.0 

10.0 

11.0 

11.4 

AL 

-0.15 

-0.08 

0 

+0.10 

+0.15 


Right-angle Stubs. —Stub-supported coaxial lines are usually made 
of rigid tubing supported at fairly large intervals, so that the line is not 
easily bent. The necessary changes in direction required of the line are 
accomplished by means of stub angles which are modifications of the 
T-stub previously discussed. It is nearly always possible to lay out the 
transmission-line arrangement in such a way that simple 90° changes 
1 R. V. Pound, “Phase Distortion in Broad Band Stub Supports,” EL Report No. 
53-6, Aug. 17, 1942. 
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of the axial direction of the line accomplish the desired interconnections 
between circuits in a straightforward manner. 

The physical arrangement and performance of simple stub angles 
having various stub lengths are given by Fig. 4-29. These performance 
curves, unlike those of the T-stubs discussed earlier, do not present a 
perfect match to the input line at any wavelength. Each curve goes 
through a minimum VSWR at a different wavelength, and the stub 



(b) 

Fig. 4-29.—Simple stub angle, (o) Dimensions. (6) Performance curves for a line with 
di = 0.375" and d* = 0.785". 

length is plotted against the associated optimum wavelength as Curve 
I of Fig. 4-306. The stub length L is rather close to the quarter-wave 
value, Curve II. As the wavelength of best match becomes longer the 
minimum VSWR goes down, as clearly illustrated by Fig. 4-30a. This 
type of behavior is expected because, as the wavelengths become large 
compared with the line dimensions, junction effects should become of 
decreasing importance. Unfortunately this type of stub angle lacks the 
T-stub property of symmetry that is responsible for attaining perfect 
match. 

In order to obtain a matched stub angle it is necessary to introduce 
an impedance transformer. One such design and its performance curve 
is given in Fig. 4-31. This design is based on Pound’s work, 1 which gives 
impedance diagrams showing how the broadbanding, evident by com¬ 
parison with the dashed curve representing a theoretical stub, is achieved. 

Soon after this design was completed, the wall thickness of the outer 
1 Ibid. 
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conductor of the f-in. line was changed from 0.045 to 0.032 in., and it 
was assumed that this slight change would not affect the performance 
enough to require a redesign. Later it was found that the stubs being 




made according to this design but using the thinner tubing gave a VSWR 
of about 1.10 at wavelength of 10.7 cm. It does not seem likely that 
the small change in wall thickness could have caused such a large mis¬ 
match to appear, but no other source for the error has appeared. 
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In some applications, the length of the side branch (over two inches 
to the end of the transformer section) is objectionable. For this reason, 
as well as that of the unexplained mismatch previously mentioned, 
alternative stub angles are preferred. One alternative is that of using 
the simple sleeve transformer of Fig. 4-32 a. The sleeve transformer is 



Xincm 

(M 


Fig. 4-32.—Stub angle matched by sleeve transformer, (a) Design. (5) Performance. 



Fig. 4-33.—Universal stub, (a) Dimensions. (5) Performance curves for J-in. stub for 
Xo = 10 cm. Curve I, straight T-stub; Curve II, stub angle. 


fairly short, leading to an extremely compact stub. Since the response 
curves (see Fig. 4-326) are about like those of a theoretical stub, this 
design is not to be recommended for bands of width greater than about 
6 to 8 per cent. This design was evolved especially for operation at a 
wavelength of 9.1 cm, where none of the other stub angles was well 
matched. It was later discovered that a simple change of stub length 
gave fair results at other wavelengths. 

Universal Stubs .—A stub which may serve either as a straight-throu gh 
T-stub or as a stub angle, depending on the way in which the parts are 
assembled, is shown in Fig. 4-33a. When the short-circuiting plug is 
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assembled as shown in solid lines at position P, a stub angle results. 
Ordinary coaxial-line connectors are then attached to the left and top 
branches for connection to other sections of line. If the plug is assembled 
at position P' (shown in phantom) and a standard connector is attached 
to the right-hand branch line, a straight-through T-stub results. The 
dimensions for three such stubs are given in Table 4-6. The performance 
curves for the universal stub in the i-in. line size are given in Fig. 4-336 
and the dimensions are those given in Table 4-6. It was found necessary 
to increase the original value of Li by 0.070 in. in order to obtain the 
result of Curve I. It may be that some modification of L 2 would improve 
the stub-angle performance of Curve II. 


Table 4-6.— Dimensions for Universal Stubs of Fig. 4-33 
All dimensions in inches, wavelengths in centimeters 


Line 

size 

Z 0 

dy 

d. 

do 

d t 

L\ 

l 2 

L» 

Z/4 

Xo 

t* 

48 

0.250 

0.555 

0.283 

0.294 

1.181 

1.050 

1.950 

1.100 

9.9 

I 

46 

0.375 

0.811 

0.425 

0.445 

1.323 

1.094 

1.950 

1.141 

9.9 

It 

75 

0.250 

0.875 

0.327 

0.342 

1.410 

1.100 

1.970 

1.310 

10.0 


* Designed by Polytechnic Institute of Brooklyn; Report R-25-43, PIB-9, Contract OEMsr-335, 
July 1, 1943. 

f Not a standard line of the 50-ohm series. Data taken from Microwave Transmission Design Data, 
Sperry Gyroscope Co., May 1944, p. 58. 

Miscellaneous Stubs .—A number of other types of stub have been 
proposed to fulfill special requirements. A few of these are illustrated 
in Fig. 4-34. Figure 4-34a is a modification of the broadband T-stub 
which has the advantages of greater rigidity and of mechanical balance. 
It is especially well suited to applications in which it is required to 
support a section of coaxial line which is rotating at high speed about 
its axis. 

The stub of Fig. 4-346 is a special type of stub angle in which symmetry 
between input and output halves has been introduced. It was pointed 
out in the discussion of ordinary T-stubs and stub angles that it is usually 
possible to obtain an impedance match with simple symmetrical circuits 
(for example, simple stub angle). It was indicated in Fig. 4-22 that this 
effect becomes more pronounced as the wavelength becomes shorter, 
and extremely poor conditions can be expected to arise as the wavelength 
approaches that corresponding to the cutoff of the second coaxial mode. 
The stub of Fig. 4-346 was designed for the largest line usable in the 10-cm 
band, and it was very satisfactory, whereas attempts to make a stub 
angle of the usual type had proved most unsatisfactory. The enlarge¬ 
ments of the center conductor are not needed for matching but serve 
rather as broadbanding transformers. 
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Diagram 4-34c illustrates the use of a smaller coaxial line within 
the center conductor of the standard f-in. line, the f-in. tube being 
common to both lines. In the diagram the outer line is supported by a 
broadband T-stub, while the smaller line is a simple narrowband stub 
matched for a wavelength of 9.1 cm. 




Fig. 4*34.—Miscellaneous stubs, (a) Cross stub support in standard J-in. line 
(Xo = 10 cm). (6) Cross stub angle in standard lf-in. line (Xo = 9.9 cm), (c) Stub within 
a stub in standard J-in. line (inner stub for X = 9.1 cm), (d) Internal stubs in a large line 
(dimensions comparable to X). 


A simple stub of the type shown in Fig. 4-34d might be expected to 
present an almost complete short-circuiting effect to the line. For 
wavelengths that are long compared with the line dimensions this is 
indeed the case, but for lines that are almost large enough to propagate 
the second coaxial mode the mismatch due to such a stub is surprisingly 
small. It was found that a single f-in. rod used in this manner to 
support the f-in. center conductor of the lf-in. line gave a VSWR of 
about 1.2 at 9.1 cm, increasing linearly with wavelength to a value of 
2 at about 10.7 cm. A spaced pair showed some promise (r < 1.10 
from X — 9.0 to 9.5 cm), but the problem was not pursued further as 
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there seemed little prospect of a good broadband performance in the 
10 - to 11-cm wavelength region for which a stub was desired. 

It may be that the approach of the wavelength toward propagation 
of the second coaxial mode is the essential factor in giving a low VSWR, 
but it is also possible that the fact that the stub length approaches the 
quarter-wave value at about the same time is the more important. If 
the latter explanation is the true one, a better performance would be 
expected from higher-impedance lines, since the radial distance between 
outer and inner conductors is greater for a high-impedance line than for a 



Fig. 4-35.—Simple types of quarter-wave coaxial transformers. 


low-impedance line having the same cutoff wavelength for the second 
mode. 

In addition, various “trick” shapes may be tried for support. Mak¬ 
ing the supporting rod of smaller diameter may be beneficial. It has 
been reported that the Raytheon Laboratories have had success with 
shapes that introduce a “capacity-loading” effect, while the Sperry 
Laboratories have found a thin wafer-like structure with a spiral effect 
to be extremely handy as a completely internal metallic support. 

The chief limitation of the stub shown in Fig. 4-34 d and the other 
types of internal stub mentioned seems to be in their power-handling 
capacity. Experimental results are not known to the author, but it 
does not seem likely that any of these supports would be applicable 
where high peak powers are transmitted. 

4-6. Coaxial Impedance Transformers.—Four simple types of coaxial- 
line transformers are illustrated in Fig. 4-35. For a general discussion 







Sec. 4-5] 


COAXIAL IMPEDANCE TRANSFORMERS 


183 


of the principles underlying the use of transformers in impedance¬ 
matching the reader is referred to Sec. 2-15 and to Slater. 1 There are 
of course other ways of c hang in g the characteristic impedance of a coaxial 
line, including combinations of those shown, and any such arrangement 
may be used as a transformer. Those shown include the more important 
ones, however. 

The most commonly used type is that of Fig. 4-35a. It is shown as a 
sleeve to be slipped over the center 
conductor, in which form it is very 
convenient to use as a trial trans¬ 
former. A narrow longitudinal slot 
may be sawed the full length of the 
sleeve in order to permit sliding it 
along the line. After the proper size 
and position of the trial transformer 
sleeve have been found, it is advisable 
to make a confirming measurement 
with the sleeve soldered in place 
because of the possibility of faulty 
contacts between sleeve and center 
conductor. In manufacturing prac¬ 
tice the transformer may be a sol¬ 
dered sleeve or it may be formed by 
machining the center conductor and 
transformer from a solid rod of larger diameter. Machining is usually 
more practical for short sections and the sleeve technique is preferred for 
longer lengths. 

The characteristic impedance of the transformers shown may be 
calculated from the usual formula 

Zo = logio (39) 

V«« a 

or read from Fig. 4-36. The radii 6 and a and the relative dielectric, 
constant k e are, of course, those in the transformer section. It is evident 
that the characteristic impedance may be decreased compared with 
that of the main line (1) by increasing a (Fig. 4-35a), (2) by decreasing 
b (Fig. 4-35c), or (3) by increasing k e (Fig. 4-35d). The impedance may be 
increased (1) by decreasing a (Fig. 4-356), (2) by increasing 6 (not shown, 
because it is little used), or (c) by decreasing k e (a possibility only if the 
main line is dielectric-filled). Various combinations of these six alterna¬ 
tives are possible, and the resulting characteristic impedance may be 
calculated by Eq. (39) or read from Fig. 4-36. 

1 J. C. Slater, Microwave Transmission, McGraw-Hill, New York, 1942, pp. 55-63. 



Fig. 4-36.—Characteristic impedance of 
coaxial line. 
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Of the transformers shown in Fig. 4-35, only that of Fig. 4*35d is 
free from distortions in the electric and magnetic fields at the junction 
between main fine and transformer. It was mentioned in Sec. 2-12 
that a change in diameter of either or both conductors of a coaxial 
fine sets up fringing fields which introduce a shunt-capacity effect, as 
indicated by the equivalent circuit of Fig. 2-41. More will be said 
about this effect in the following section. It is well to point out at this 
time that this shunting effect must be taken into consideration if extreme 
precision is required in the use of matching transformers. Fortunately, 
the two shunt capacitances are spaced a quarter wavelength apart and 
as a result tend to cancel each other to a certain extent. 

As an illustration of the magnitude of the error introduced by neglect¬ 
ing the discontinuity capacitances, a typical numerical example should 
be considered. At a wavelength of 10 cm in the standard £-in. OD 
coaxial line, a sleeve transformer is to be used (Fig. 4-35a) to match 
out a VSWR of 2.56. On the basis of simple theory, this requires a 
transformer of characteristic impedance Z 0 /1.6 and of length 2.50 cm 
placed with its output end at a voltage-minimum point. The susceptance 
that may be calculated 1 at each end of the transformer amounts to 0.04Fo, 
and experimental values are in good agreement. If the transformer is 
placed with its output end exactly at the voltage minimum, the resulting 
VSWR will be about 1.025 rather than 1.000 as expected from simple 
theory. The input admittance is slightly capacitive and is almost 
identical with that which would be predicted by simple theory for a 
transformer placed 0.004X (0.016 in.) too close to the generator. As 
one might infer from the last observation, almost perfect match may be 
achieved by displacing the transformer an equal distance toward the 
load. 

4*6. Coaxial-line Discontinuities.—Several references (Secs. 2-12, 
2.15, 4.3, 4.5) have already been made to the existence of an equivalent 
shunt capacity at the point where either conductor (or both) of a coaxial 
fine undergoes an abrupt change of diameter. The purpose of this 
section is to present a very brief qualitative explanation of this effect 
and to give a few useful curves and illustrative examples. Thorough 
theoretical treatments 2 and numerical results 3 exist in the literature, and 
the reader is referred to them if additional material is desired. 

1 J, R, Whinnery and H. W. Jamieson, “Coaxial-line Discontinuities,” Proc. 
I.R.E ., 32, 695-709 (November 1944); also Sec. 4-6 of this volume. 

* Vol. 10, Radiation Laboratory Series; J. R. Whinnery and H. W. Jamieson, 
“Equivalent Circuits for Discontinuities in Transmission Lines,” Proc. I.R.E., 32, 
98-115 (February 1944). 

3 J. R. Whinnery, H. W. Jamieson, and Theo Eloise Robbins, “Coaxial-Line 
Discontinuities,” Proc. I.R.E ., 32,695-709 (November 1944). 
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The field structure in the neighborhood of a step discontinuity is of 
the form shown in Fig. 4*37a. All field lines end normal to the metallic 
boundary since no tangential component of E may exist there. The 
principal- or lowest-mode field is purely radial; consequently it is obvious 
that there are some longitudinal components of field present which do 
not belong to this mode. The longitudinal components may be thought 
of as belonging to higher mode .E-waves (those modes with longitudinal 
component of E but not of H, also called “ TM-waves”). If the dimen¬ 
sions of either (or both) of the 
lines are large enough to propa¬ 
gate any of these higher mode E- 
waves, a part of the power incident 
on the discontinuity will be trans¬ 
formed into such E-mode waves 
traveling away from the discontin¬ 
uity in the large line (or lines). 

Usually this is undesirable, and in 
order to avoid transfer of power 
into higher-mode waves of both E 
and H types the dimensions of 
lines actually used are limited so 
that only the lowest mode may be 
propagated. 

It is shown in the theoretical 
references that the effect of the 
discontinuity is exactly repre¬ 
sented by an equivalent circuit 
of the type given in Fig. 4-37c pro¬ 
vided the lines are both capable of 
propagating only the lowest mode. 

This equivalent circuit is valid 
only for impedance measurements made at a distance from the discontin¬ 
uity which is large enough to ensure that the higher order fields have been 
attenuated to negligible values. It assumes also that no other discontin¬ 
uity occurs close enough to couple to these higher order fields. This con¬ 
sideration is sometimes termed the “proximity effect,” and methods of 
treating it are given in the references. Usually, the proximity effect low¬ 
ers the capacity of each discontinuity by an amount depending on the phys¬ 
ical arrangements of the discontinuities and on their separation. If two 
discontinuities are separated by a distance greater than the separation 
between inner and outer conductors of the line between them, little 
interaction results, and the reduction in individual capacitances is 
negligible. For certain arrangements, namely those for which the fields 
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Fig. 4*37. —Step discontinuity in coaxial 
line, (a) Electric fields at the discontinuity. 
(6) Plot of the variation of the currents 
across the discontinuity, (c) Equivalent cir¬ 
cuit of the discontinuity. 
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between the discontinuities are relatively undistorted (as in line A of Fig. 
4-37a), much closer separations may be tolerated. 

Four common types of step discontinuity are given in Fig. 4-38. 
By using the formulas given in the legend, in conjunction with the curve 



(c) Cf2n ri k eA C' («);«=a 1 /6 1 (d) r = ££(See text) 

Total capacity is C c ~C 2 +C 3 1 Cj 

Fig. 4-38.—Examples of coaxial-line step discontinuities (C'« from Fig. 4-39). 


of Fig. 4-39, a good estimate of the junction capacity may be made. 
The equivalent circuits are all of the type given in Fig. 4-37c, where 

Ya = jCa, (40) 

and Z 0 A and Z 0B are the ordinary characteristic impedances of the 
coaxial lines A and B. 

Figure 4-39 is taken from Whinnery and Jamieson (loc. cit.) and 
applies exactly only for step discontinuities in parallel-plane transmission 
lines. It gives accurately the capacity per unit width caused by a step in 
such a line; when this value is multiplied by the appropriate circumference 
(2tti or 2vro as indicated in the legend of Fig. 4-38), a good approxima¬ 
tion to the discontinuity capacity in a coaxial line of the same step 
ratio a is obtained. It may be noted that the appropriate radius is 
that common to lines A and B. The error involved in the approxi¬ 
mation depends, for a given step ratio, on the diameter ratio of the 
coaxial conductors. If the largest diameter ratio of either line is below 
five, the approximation is good to within better than 20 per cent for all 
values of a plotted. Greater accuracy may be obtained by study of 
the references cited above. 
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The appearance of the dielectric constant k t in the formulas of Fig. 
4-38 requires further explanation. Referring to Fig. 4-37a it will be 
noticed that the field in line A is relatively undistorted; therefore the 
value of the dielectric constant in line A should have little effect on 
the higher mode fields. It is the dielectric constant in line B, where the 
principal distortions of field occur, that has the major influence on the 
higher-mode fields and hence on the discontinuity capacity. The values 


of C d from Fig. 4-39 are based on 
air dielectric and thus must be 
multiplied by the appropriate die¬ 
lectric constant to obtain the ac¬ 
tual capacity. In all cases except 
C z of Fig. 4*38, the major field dis¬ 
tortions occur in line B. 

In the case of the double step 
of Fig. 4-38c, the total junction ca¬ 
pacity is well approximated by 
considering it to be composed of 
the two capacitances C 2 and C 3 
added in parallel. To justify this 
statement, the outer conductor 
can be visualized as displaced 
slightly to the right creating an 
intermediate section of line of 
outer radius n and inner radius r 2 . 
In this intermediate section the 
fields are relatively free of dis¬ 
tortion; hence, there is little 
interaction between the two dis¬ 
continuities and their capacities 
may be calculated separately. In 
view of the remarks of the preced¬ 
ing paragraph, the dielectric con- 



pacitance for coaxial steps. 


stant k e A is appropriate to the capacity C 3 , while k eB is used in calculating 
C 2 . As the outer conductor is brought back to the position indicated in 
the figure these two capacities remain essentially separate, but their shunt¬ 
ing actions become located at the same point in the line. 

The situation existing in Fig. 4-38d is more complicated, since the 
fringing fields caused by the two steps are intimately associated. An 
approximate method of treating the problem, due to Whinnery, gives 
results which agree fairly well with experiment. An intermediate 
cylindrical sheet of radius n = r 2 (properly chosen) could be inserted as 
indicated in the figure and the junction capacitances Ci and C 2 of the 
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internal and external lines that are formed by the methods outlined in 
connection with Figs. 4-38a and b could be calculated. These junction 
capacitances are treated first by placing them in series with each other and 
then by connecting the combination across the line. 

The value of r x = r 2 is chosen as that value which makes the total 
capacitance C d a maximum. Being at a maximum, the value of C d is not 
very sensitive to slight variations of r x = r 2 from the correct value. 



(a) (b) 

Fig. 4-40.—Some experimental results on coaxial steps, (a) Dimensions, (b) Comparison 
between theory and experiment. 


A series of measurements 1 which provides a check on the validity of 
this procedure is summarized graphically in Fig. 4*40. Unfortunately the 
experimentally measured values of VSWR are to be trusted to an accuracy 
of only about +.03; consequently it is difficult to ascertain if the dis¬ 
crepancy between theory and experiment is real. At any rate, the 
prediction of theory is certainly close enough to be very useful in many 
applications. 

WAVEGUIDES 
By Richard M. Walker 

4*7. Factors Governing Choice of Dimensions. —The choice of dimen¬ 
sions for a waveguide to be operated at a given wavelength involves the 
following considerations: (1) mode of operation; (2) cutoff wavelength 
for the operating mode and the next higher mode; (3) attenuation in the 
wall surfaces; and (4) voltage breakdown. Waveguide dimensions are 
usually selected so that only the lowest or fundamental mode can be 
propagated at the desired wavelength. With such a choice of dimensions, 
propagation of a higher mode excited by components in the system is 
rapidly attenuated and the impedance of the system is not changed 
appreciably. Therefore, the design of components that may excite a 
1 B. P. Washburne, “Coaxial-Line Step Discontinuity Admittances,” RL Group 
Report No. 53, July 25, 1945. 
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higher mode, such as couplings, rotating joints, switches, transitions, and 
so forth, is simplified. This choice of dimensions also makes it possible 
to use matching elements such as capacitive and inductive irises and the 
resonant ring which excite higher modes in the waveguide. Two com¬ 
ponents or elements in the transmission line which excite a higher mode 
may form a resonant cavity, the Q of which is determined by the distance 
between them. Since the attenuation is high for the higher modes, the 
cavity Q can be made very low by moving the components far enough 
apart (see Sec. 2-3 for attenuation formulas). An exception to this con¬ 
sideration is made in some cases such as the circular-pipe section of a 
waveguide rotary joint discussed in Sec. 7-3 where the TM 0 i-mode is 
essential for the rotary-joint operation. The TE n-mode that may also be 
propagated in the circular waveguide is suppressed by resonant rings and 
by special design to prevent its excitation. 

Usually, waveguide transmission systems are similar to high-pass 
filters in that, for a given choice of inside dimensions, all wavelengths 
below the cutoff wavelength X c may be propagated. However, where 
propagation is limited to one mode, the pass band has a lower wavelength 
limit, determined by the cutoff wavelength for the second waveguide 
mode. The cutoff wavelengths for any mode may be calculated from the 
inside dimensions of the waveguide. Formulas for calculating the cutoff 
wavelengths of rectangular and circular waveguides in the fundamental 
and higher modes are given in Sec. 2-10. 

So far the pass band has been discussed for a waveguide with given 
internal dimensions. This pass band is fairly wide compared with the 
operating wavelength band of a radar system. Since the waveguide- 
attenuation and voltage-breakdown characteristics change considerably 
over the pass band, a portion of the pass band that gives the best over-all 
operating characteristic may be selected. Figure 4*41 shows the varia¬ 
tion of attenuation over the pass band for rectangular waveguide oper¬ 
ating in the TF 10 -mode. The curve was calculated from the equation 1 



where a c is the conductor loss, a and b the wide and narrow inside dimen¬ 
sions, respectively, in inches, and Xo and X c the free-space and cutoff 
wavelengths, respectively. In Fig. 4-41 a c a^ is plotted against X 0 /X c for 
three ratios of a/b —2.12, 2.25, and 2.47. For convenience, the dimen¬ 
sion a for Fig. 4-41 is in inches. 

1 Microwave Transmission Design Data, Sperry Gyroscope Co., May 1944, p. 77 
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The maximum power that can be carried by a rectangular waveguide 
operating in the TE i 0 -mode with a > b is given by the equation 1 

^- = 6.63 X 10-‘oi Q-)- (42) 

If a and b are in meters, and the electric field strength E is in volts per 
meter, the power is in watts. Since 



= 6.63 X 10- 4 (a&) yjl - (43) 

Figure 4-42 shows the variation of P/abEL., with changes in X/X c over 
the pass band. 


Table 47.— Some Waveguide Constants 


Guide size 

OD, in. 

Wall, 

Wave¬ 

length, 

cm 

P 

Power, * 
Mw 

Loss,f 

db/m 

(copper) 

Wave¬ 
length! 
band, cm 


A. 

Rectangular (7 , /?i 0 -Mode) 



3 X 1.5 

0.080 

10.0 

11.7 X 10-* 

10.5 

0.0199 

7.3-13.0 

2.75 X 0.375(ID) 

0.049 

10.0 

3.08 

2.77 

0.0575 

7.0-12.6 

2X1 

0.064 

6.5 

5.39 

4.86 

0.0310 

4.8-8.5 

1.5 X 0.75 

0.064 

5.0 

2.54 

2.29 

0.0633 

3.6-6.3 

1.25 X 0.625 

0.064 

3.2 

1.97 

1.77 

0.0725 

2.9-5.1 

1.0 X 0.5 

0.050 

3.2 

1.10 

0.99 

0.117 

2.3-4.1 

0.5 X 0.25 

0.040 

1.25 

0.248 

0.223 

0.346 

1.07-1.9 

B. Round (2T?n-Mode) 

3 ID 


10.0 

18.4 X 10-® 

16.6 

0.0140 

10.0-11.7 

1 OD 

0.032 

3.2 | 

17.3 

1.57 

0.0847 

3.18-3.64 


* Calculated values assuming 30,000 volts/cm. 
t Calculated values for copper. 

t Based on maximum wavelength 10 % below cutoff for lowest mode and minimum wavelength 1 % 
above that allowing propagation of another waveguide mode. At 10 % below cutoff, the attenuation 
is roughly twice, and breakdown power roughly half, that for the short-wave limit. Both become very 
rapidly worse as cutoff is approached. 

As the cutoff wavelength is approached, the attenuation of a wave¬ 
guide increases rapidly and the breakdown power decreases rapidly. 
Therefore, the entire pass band as described above is not used. The use 
of a range from about 1 per cent above the cutoff wavelength for the 
second mode to 10 per cent below cutoff for the lowest mode is considered 
good practice. For narrow-band systems, it is advisable to operate 
1 Ibid., p. 73. 
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near the center of this wavelength range. At 10 per cent below cutoff for 
the dominant or TFio-mode, the attenuation is roughly twice, and the 
breakdown power roughly half, that for the short wavelength limit. 

The more important characteristics of several commonly used wave¬ 
guides are presented in Table 4-7. 


WAVEGUIDE COUPLINGS 

Two general classes of couplings are used for connecting waveguide 
sections: (1) the contact coupling, and (2) the choke-flange coupling. 
The losses and reflections from a contact joint between two sections of 
tubing are negligible if care is taken to have the sections line up and make 
good contact across the entire surface. It is considered good design 
practice to use the more complicated “choke-flange” coupling in service 
applications instead of the contact coupling because clean, flat, parallel 
surfaces are hard to achieve and maintain. 

4*8. Contact Couplings.—The contact coupling is usually made of 
flat flanges which are soldered to the ends of the tubing and bolted 
together as shown in Fig. 4-43. A joint of this type is often used in 
experimental impedance-measuring equipment where extreme accuracy 
is desired. This assembly is usually made by inserting into the line at the 
junction a plunger carefully machined to 
make a slip fit in the tubing. After the 
bolts are tightened, the plunger is pulled 
out of either end. Each time the coup¬ 
ling is assembled the mating surfaces are 
usually cleaned to remove corrosion and 
thereby ensure good contact. By mov¬ 
ing one flange back a few mils from the 
end of the tubing as shown in Fig. 4-43, 


Fiq. 4-43.—Contact coupling. 


a greater pressure may be applied to make good contact over the entire 
surface. This procedure reduces the mechanical strength of the joint; 
therefore, the line should have additional support. Reflections from such 
a coupling can be kept consistently below 1.01 in VSWR by use of this 
procedure. Tests have shown that a coupling of this type, when carefully 
made, is better than the average soldered guide-to-guide joint. The 
contact coupling is not frequency-sensitive. 

4*9. Circular-groove Choke-flange Couplings.—Choke-flange coup¬ 
lings consist essentially of a series-branching transmission line whose 
length is one-half wavelength, thus presenting zero series impedance to the 
main line. The important feature of such a coupling is that it is broken 
at a low-current point B (Fig. 4-44) in the branch line; thus contact 
troubles are minimized. It is common practice to make the outer 
quarter-wavelength section in the form of a circular groove. The depth 
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d of this groove is chosen a quarter wavelength in order that the minimum- 
current point will occur at the contact between the choke and flange. 

For the rectangular-waveguide coupling, the outer groove may be con¬ 
sidered as a low-impedance coaxial line excited principally in the second 
TF 10 -mode as in Fig. 4-44o. Figure 4-44 illustrates standard choke¬ 
coupling designs for rectangular waveguide operating in the fundamental 


Y 



Fig. 4-44. —Continuous circular-groove choke coupling, (a) Rectangular-waveguide 
coupling, TUio-mode. ( b ) and (c) Circular-waveguide couplings, TMoi-mode. 

TFio-mode and for circular waveguide operating in the TM 0 i-mode. 
From the symmetry of fields and currents about the vertical line YY and 
the equal but opposite (mirrored) symmetry about the horizontal line XX, 
it is obvious that the excitation of the choke section must be such that it 
will excite only coaxial modes of similar symmetry. Hence, the TE 2 o- 
mode would not be excited under normal conditions. If the choke and 
flange are not lined up perfectly, the TE 2 o-mode will be excited to some 
extent. It is quite likely that a good deal of excitation of the TE^o-mode 
is normally present. The currents flowing in the waveguide do not tend 
to excite the side portions of the circular groove (that is, the portions of 
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the groove adjacent to the narrow sides of the waveguide). This fact 
seems to indicate that the fields in the circular groove cannot be ade¬ 
quately described by the TA'io-mode alone but that a fairly large TE % 0 -term 
plus smaller amounts of higher TA'-modes are required. 

Since the currents in the side walls of the waveguide have no longi¬ 
tudinal component, it is not necessary to provide any choke action along 
the narrow sides of the waveguide. Therefore, the circular groove may 
be filled up with metal or not cut at all in this region as indicated in Fig. 



Fig. 4-45.—Discontinuous circular-groove choke coupling. 


4*45. Thjs procedure is desirable when misalignment between the choke 
and flange is contemplated as in motional joints (see Sec. 5-20). By this 
procedure the choke is broken up into two separate portions, one excited 
by the currents in the top wall and the other by the currents in the lower 
wall of the waveguide. The two portions may now be considered as 
separate waveguides. Moreover, the currents in the broad walls of the 
waveguide, being sinusoidal in their transverse variation, tend to excite 
the TE X o-mode in a fairly pure manner. 

A coupling of this type is difficult to manufacture; therefore, the 
circular-groove type has been used for rigid-waveguide couplings. The 
cutoff wavelengths for the T^-modes are given with very good accuracy, 
for these low-impedance coaxial lines, by the approximate equation 


Ac = 


average circumference 
n 


(44) 


where n is the order of the mode (TE n0 ). By use of the usual equation 
relating guide wavelength to free-space and cutoff wavelengths, the depth 
of groove d in Fig. 4-44a can be calculated; a quarter guide-wavelength 
depth is required. Since the TA'io-mode is the one chiefly excited, 
the groove is made a quarter wavelength deep for this mode. The 
average circumference of the groove is such that the 7T? 80 -mode will 
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not propagate at the longer wavelengths for which the choke is designed. 
At the shorter wavelengths, the depth is a very small fraction of a quarter 
wavelength for the TT^o-mode. 

In the choke coupling for circular waveguide operating in the 
TAf 01 -mode, Fig. 4-446, the coaxial groove is excited uniformly over the 
circumference in the fundamental coaxial mode (assuming perfect align¬ 
ment). Therefore, the wavelength in this section is equal to the free- 
space wavelength. The groove depth must be adjusted to balance 



Fig. 4-46.—Voltage and current nodes in a radial-transmission line; ri corresponds to a 
voltage node; n corresponds to a current node; for n = 1, cylindrical wave. 


junction effects, which makes it deeper than X/4. An experimental 
method for determining the proper groove depth is described later in this 
section. 

To determine the average circumference in a circular-choke groove 
that is cut in such a way that the point B on diameter D is at a current 
minimum position and also a quarter wavelength from point A, the section 
of line between A and B must be considered. This section of line between 
the main line and the coaxial groove is a radial-transmission line. The 
proper groove diameter D, Fig. 4-44a, is usually determined by empirical 
methods. A method for determining this diameter, proposed by Pierce of 
Bell Telephone Laboratories, 1 is to vary the radius r-i of a purely radial 

1 J. R. Pierce, “Design Procedure for Disk Choke Couplings,” BTL Report 
MM-44-120-22, Apr. 26, 1944. 
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transmission line until no discontinuity is presented in the main-wave¬ 
guide line. The width of this radial line should be the same as that used 
in the final choke design (y of Fig. 4-45). From this radius r u the radius 
r B of a circle at the antinode or high-impedance point may be found for 
the rectangular-waveguide case from the curves of Fig. 4-46, which is 
reproduced from Pierce’s report. It should be mentioned here that in 
some instances the proper groove diameter will intersect the waveguide. 
If this is so it is impossible to make a simple circular choke which will give 
both a perfect match and very low leakage. Either match or low leakage 



Fig. 4-47.—Voltage and current nodes in a radial-transmission line; n = voltage node; 
ra = current node; n = 0, cylindrical wave. 

must be sacrificed. This situation has been encountered in 0.170- by 
0.420-in. ID and l£- by 4-in. ID waveguides operating at free-space 
wavelengths of 1.26 cm and 3.3 cm, respectively. The only way to 
preserve both is to go to some other groove shape or to a discontinuous 
circular groove as illustrated in Fig. 4*45. Grooves of other shapes for 
choke couplings are discussed later in Sec. 4-9. For the circular-wave¬ 
guide choke coupling, Fig. 4*47 gives the same relations. 

Having calculated the groove depth for the correct diameter D as 
outlined, it may be desirable to check experimentally to see that this 
depth gives the expected current minimum at the choke-flange contact. 
In the same report, Pierce has proposed one such check. Figure 4-48 
illustrates the Pierce method for determining the correct groove depth 
The method consists essentially in opening the choke-flange contact and 
inserting at this point a variable-length transmission line short-circuited 
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at its outer diameter. This transmission line may be coaxial or radial as 
shown in Fig. 4-48. With this arrangement, the main line is short- 
circuited a half wavelength beyond the choke opening to give maximum 
excitation of the choke, and the position of the minimum voltage L x is 
found for various lengths of the added line L 2 . Figure 4*48 shows the 

form of the Li-vs.-L 2 curves for 
good and bad choke designs. The 
curves show essentially the sharp¬ 
ness of the resonance created when 
the variable-line length L 2 is ap¬ 
proximately X/4, since the choke 
depth is also a quarter wavelength. 
Since a gap is created in place of 
the choke-flange contact, the con¬ 
ditions at this junction are not 
quite the same as those in actual 
practice; however, if the gap is 
kept small, this objection is prob¬ 
ably not very serious. 

Where choke-flange couplings 
are to be separated to eliminate 
shock mounting, it is advisable to 
limit the external diameter of the 
coupling so that the outer edge is a 
quarter wavelength from B. In 
this case the open circuit at the 
edge is transformed to a low im¬ 
pedance across the gap at B. This low impedance is in series with a much 
higher impedance so that leakage is minimized. 

So far no mention has been made of the factors affecting the perform¬ 
ance of such a coupling over a broad band of wavelengths. Obviously 
the choke groove cannot be the right depth to give zero current at the 
contact over a broad band. Hence, a certain amount of leakage and 
contact losses will occur on each side of the design wavelength. Simi¬ 
larly, the effective over-all choke length cannot be half a wavelength over 
a broad band; consequently some mismatch will occur at each side of the 
design wavelength. Such effects may be minimized by making the 
characteristic impedance Z x of the outer groove much larger than that 
of the radial section Z y as shown in Fig. 4-44. The impedance at point 
B in Fig. 4*44 is 

Z B = jZ x tan ft, (45) 

where 0i = 2nrd/\ x , and X* is the guide wavelength in the outer groove. 



Fig. 4-48. —Pierce method for design of 
choke grooves, (a) Coaxial-plunger method. 
(6) Washer method, (c) Curves showing 
good and bad chokes. 
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Then at point A the impedance Z A can be calculated from the usual line- 
theory formula using Z B as the load for the radial line. The impedance 
at point A is then 


y _ y Z B + jZ y tan 0 2 
v Z y -f- jZ B tan 0 2 


(46) 


where 0c is the effective angular length of the radial-line section. The 
relation between effective and actual length of the radial line is not impor¬ 
tant. In this discussion it is assumed that V and X' are the effective 
values of length and guide wavelength for the radial section; then, 


_ 2ttZ' 


(47) 


Inserting the value of Z B given by Eq. (45) into Eq. (46) and simplifying, 
we have 


y = -y {Z x tan 0i) + (Zy tan 0 e ) 
A 3 v Z v — Z x tan 0i tan 0 2 


(48) 


In practice, both 0i and 0 2 are very nearly 7r/2; hence if 0 X is equal to 
7r/2 + 5i and 0 2 is equal to 7r/2 -f- 5 2 , tan 0i and tan 0 2 are approxi¬ 
mately — l/5i and —1/5 2 , respectively. Using these assumptions 


8c + 7 ^ 5i 

Za « ~jZy y -, (49) 

Y x 8182 “ 1 

and in practice ( Z y /Z x )8i8 2 <$C 1; therefore 



This reactance appears in series with the line impedance of the main 
waveguide. 

The voltage standing-wave ratio introduced in the main line is 
very nearly I — Z A /Z 0 . The important points to be noted from the 
above discussion are these: 


1. The mismatch is directly proportional to Z y /Z 0 ; hence for lowest 
mismatch Z y should be as low as practical (that is, y as small 
as practical). 

2. If Z x Z y , the contribution to the mismatch by is negligible 
compared to that by an equal 5 2 , hence Z x should be made large 
compared to Z v (that is, x y). This makes the mismatch more 
sensitive to choke-groove diameter D than to the depth d. In 
general, x is made from two to five times as large as y. 
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4*10. Other Choke Couplings.—Two general types of grooves other 
than circular ones discussed in Sec. 4-8 have been used in the design of 
choke-flange couplings for rectangular waveguide. One is known as 
the British-type choke, Fig. 4-49a, and the other type, the Chu choke, 
is represented by the two chokes shown in Figs. 4-49b and c. Both types 
are similar in operation to the discontinuous circular-groove choke 
couplings in that no choke action is used along the narrow-waveguide 
walls. Although both types are quite good electrically, they are very 
difficult to manufacture; therefore they have only been used in special 
applications. 

The British-type choke can be designed quite successfully and easily 
by direct calculations since the guide wavelength is the same as that 
in the main-line waveguide. The path lengths l and d in Fig. 4-49a are 



(51) 

d = ^-S d 

(52) 


where Si and S d are small corrections which may be obtained from the 
equivalent circuit analysis of F-plane T-junctions (see Vol. 10 of this 
series). 

The two types of Chu-choke couplings are illustrated in Fig. 4-49. 
Their operation may be analyzed by considering the current flow in the 
half-wavelength cavity resonator shown in Fig. 4-50. The cavity-choke 
coupling of Fig. 4-50 is not a good design because the choke-flange contact 
is at a maximum position over the entire perimeter. However, its opera¬ 
tion is the basis for the design of Chu-choke couplings. The cavity 
is excited in the TEVmode and, since its width is a, its guide wavelength 
is the same as that in the main waveguide. The solid lines of Fig. 4-50b 
show the direction of current flow in the cavity walls. The dotted lines 
show the direction of the magnetic field. When c = a, the cavity has 
several features which are utilized in the design of Chu-choke couplings. 
(1) The diagonal lines df and eg and the axes FF and XX are parallel 
to the current flow. (2) The diagonals fall at positions of minimum cur¬ 
rent density. (3) The current flow lines and field lines are symmetrical 
about the diagonals and also about the XX- and FF-axes. 

From the first two features, it is seen that the diagonal lines are ideal 
positions for a choke-flange contact. Choke-flange contact may be 
made along the diagonals in two ways: (a) by removing section A and 
folding the sections B and B' to join lines go and do to form the variable- 
groove-depth type of coupling shown in Fig. 4-496, and (6) by removing 
sections B and B' and folding section A about the XX-axis to join 
lines go and do to fo and eo, respectively, thus forming the fold-back 
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type of coupling (Fig. 4*49c). In either case symmetry and continuous 
magnetic fields still exist. 

So far only conditions for low leakage at the contact between choke 
and flange have been discussed. For minimum mismatch in the main¬ 
line waveguide, c must be a half-guide wavelength and, since c must 
equal a for the low-leakage conditions outlined above, a must be a half¬ 
guide wavelength. Therefore, the choke may be used only when \ g = X c 
or, in terms of free-space wavelength, when X 0 = \/\/2 = \ c /\/2. 
For i- by 1-in. (0.050-in. wall) waveguide, the Chu chokes operate best 
at a free-space wavelength of 3.23 cm. The operation of this type of 
coupling over a wide range of wavelengths should be at least as good as 
the other types if the impedance in the outer groove is made large in 
comparison with the impedance in the section between the choke and 
flange units as discussed in Sec. 4-8. Both designs have been checked 
experimentally and have been found to give satisfactory results; however, 
manufacturing problems prevent further development. 


Table 4-8. —Choke-coupling Design Details 


Army-Navy type 
choke flange 

Guide 
dimen¬ 
sions, in. 

Choke dimensions, in. 

Fig- 

no. 

Design 

wave¬ 

length, 

cm 

Band¬ 
width for 
r = 1.05, 

% 

D | 

x | 

V 

d 

a 

6 

Rectangular-waveguide choke. 

T^io-mode 

UG-54/U-53/U 

2.84 

1.34 

4.015 

0.250 

0.050 

1.120 

4.44o 

10.7 

±15 

U-200/U-214/U 

2.84 

1.34 

3.75* 

0.250 

0.030 

0.865 

4.44o 

9.0 

±15 

UG-40/U-39/U 

0.90 

0.40 

1.183 

0.063 

0.031 

0.347 

4.44o 

3.20 

± 6 

UG-52/U-51/U 

1.125 

0.50 

1.332 

0.063 

0.031 

0.347 

4.44o 

3.20 


None 

0.900 

0.40 

1.155 

0.125 

0.010* 

0.355* 

4.44o 

3.30 

> ± 6 

UG-117/U-116/U 

0.420 

0.170 

0.501 

0.029 

0.008 

0.137 

4.44o 

1.25 

> ± 2 

None 

0.420 

0.170 

0.589 

0.063 

0.008 

0.156 

4.44o 

1.25 

> ± 4 


c 

Circular-waveguide chokes. TWoi-mode 

None 

0.4675 

0.713 

0.050 

0.015 

0.153 

4.446 (1) 

1.25 

> ± 4 

None 

1.187 

1.479 

0.093 

0.030 

0.312 

4.446 (2) 

3.30 

> ± 6 


* Designed for 0.115-in. separation between choke and flange (see Sec. 5.21). 


4*11. Summary of Choke-coupling Designs.—Choke-flange couplings 
have been standardized by the Army and Navy for several sizes of 
waveguides. The continuous circular-groove type shown in Fig. 4-45 
has been favored because it is much easier to make on a large scale. 
Dimensions for choke-coupling designs are tabulated in Table 4-8 with 
the numbers of the figures in this chapter to which they refer so that any 
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of the choke couplings listed can be reproduced. The bandwidth in 
per cent on each side of the design wavelength when the voltage standing- 
wave ratio is below 1.05 is given in the table. 

Corners, Circular Bends, and Twists 
Waveguide corners and circular bends are similar to elbows in water 
and gas pipe in that they change the direction of energy flow. Twists 
are used to change the polarization. These units are very important 
in the design of compact assembly units. Corners and circular bends 
for rectangular waveguide operating in the TEio-mode are made in the 
E- and //-planes. An .E-plane bend or comer is defined as one whose 
axis lies in a plane parallel to the electric field lines. The //-plane bend 
or comer is defined as one whose axis lies in a plane parallel to the mag¬ 
netic field lines. So far, in practice, circular waveguide has been used 
only in short lengths such as rotary-joint sections; consequently, there 
has been no need for circular-waveguide corners or bends. 

Waveguide corners, circular bends, and twists must be carefully 
designed to avoid impedance mismatch and to prevent voltage break¬ 
down. These design features are discussed in the following sections. 

4*12. Waveguide Comers.—Comers for rectangular waveguide are 
made in two types as shown in Fig. 4-51. The characteristics of the 



Fig. 4-51.—Waveguide corners, (a) Double-mitered type. (6) Single-miter, cutoff type. 
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double-mitered type may be determined from the mismatch set up by 
a single-mitered corner. The equivalent circuit for an .E-plane single- 
mitered corner and its parameters for 1- by i-in. waveguide at 3.0, 
3.2, and 3.4 cm are shown 1 in Figs. 4-52 and 4-53. The dotted lines are 
the reference planes corresponding to the equivalent circuit and its 
parameters. The same characteristics for an 77-plane single-mitered 
junction are shown in Figs. 4-54 and 4-55. These parameters are plotted 
as a function of wavelength and angle of bend. From these curves 
the mismatch produced by a simple junction may be determined. 



guide corners, .E-plane. guide corner, E-plane. 

In the double-mitered corner, two of the single-mitered corners are 
spaced in such a way that their reflections cancel each other at the 
desired wavelength. The proper spacing (L in Fig. 4-51) may not be 
calculated from the equivalent circuit parameters of a single corner since 
higher mode propagation cannot be neglected. It is necessary to deter¬ 
mine L experimentally. 

The mean length L for cancellation of reflections in a double-mitered 
.E-plane corner is very nearly a quarter-guide wavelength as shown by 
experimental measurements. Measurements also show that L must be 
larger than a quarter-guide wavelength for 17-plane double-mitered 
corners. An experimental design curve for 90° double-mitered 71-plane 
corners in waveguide 1$ by 3 in. OD, 0.080-in. wall, is shown in Fig. 

1 The curves of Figs. 4-52, 4-53, 4-54, and 4-55 were plotted from measurements 
made at California Institute of Technology, Contract OEMsr-1311, W. H. Pickering, 
Official Investigator. 
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4*56. The mean length L in terms of guide wavelengths is plotted 
against X 0 /X c , where X 0 is the free-space wavelength at which the corner 
is to be designed and X- the cutoff wavelength of the waveguide. This 
curve has been checked experimentally at a few points (X 0 /X c 0.65 to 0.75) 
for other waveguide sizes and found to be accurate within experimental 
errors in measurements. The deviation oi L from a quarter-guide wave¬ 
length for cancellation of reflections between the two junctions is theo¬ 
retically zero for 6 = 0, and it is small if 6 is small (see Figs. 4-54 and 
4-55). 



The mismatch of double-mitered corners over a given band of wave¬ 
lengths depends on the magnitude of the reflection set up at each junc¬ 
tion and the spacing between junctions. Maximum bandwidth for a 
given mismatch is obtained when the spacing between junctions is a 
quarter-guide wavelength plus the correction already discussed. How¬ 
ever, it may be desirable in some instances to make L equal to f or fX e . 
Since the reflection from each junction in a 90° double-mitered corner 
varies with wavelength, the bandwidth also varies with wavelength. 
This variation is shown for the waveguide by 3 in. OD, 0.080-in. 
wall, in Fig. 4-57 which was determined experimentally. The band¬ 
width was taken as the wavelength band in per cent over which the 
voltage standing-wave ratio was below 1.06. This curve can also be 
applied to other waveguide sizes. This type of mitered comer will 
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stand as much power before arcing as the waveguide itself if the joints 
are properly soldered. 

The cutoff type of mitered comer has not been used widely since the 
double-mitered comer was conceived, because it is more difficult to fabri- 



Fig. 4-56.—Design curve for double-mitered //-plane corners. 



Fig. 4-57.—Bandwidth curve for double-mitered //-plane corners. 

cate; the dimension C in Fig. 4-51 is critical; and it arcs over at much 
lower power levels than the waveguide. Arc-over problems are particu¬ 
larly bad in the F-plane cutoff corners because the effective guide height 
b is decreased. No theoretical analysis has been worked out for the cutoff 
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type of mitered comers. Empirical curves for the design of such corners 
are shown in Figs. 4*58 and 4-59. In these curves the percentage ampli¬ 
tude reflection is plotted as a func¬ 
tion of c/do for five angles. Data 
for these curves were taken from 
British measurements using wave¬ 
guide 7 cm by 3.25 cm ID at 10.84 
cm. The reflection coefficient is 
defined as the ratio of the ampli¬ 
tude of the reflected wave to that 
of the incident wave. The reflec¬ 
tion coefficient has been arbitrarily 
plotted in such a way that it goes 
through zero and changes its sign, 
thereby avoiding cusps that would 
occur if only positive values were 
employed. From both figures, it 
is evident that, at any bend angle, 
a design is possible which essenti¬ 
ally allows perfect transmission 
around the corner. Evidently 
the E-bend is more satisfactory in the sense that the curves are flatter 
and hence the dimension c is not so critical. 

4-13. Waveguide Bends and 
Twists.—A circular bend in wave¬ 
guide may be considered as a sec¬ 
tion of line with a characteristic 
impedance differing from that in 
the straight waveguide by an 
amount depending on the angle of 
the bend, its radius, and the me¬ 
chanical tolerances of its cross 
section. If the bend is uniform, 
it acts as a transformer, setting 
up reflections at each end, both of 
which are equal in magnitude. 
The transformation is from a 
higher to a lower impedance at one 
end and from the lower back 
to the higher at the other, or 
vice versa. Therefore, the bend 
should be any number of half wavelengths long, measured along its 
axis for cancellation of reflections. These reflections increase as 



c/do 

Fig. 4-59.—Reflection from F-plane cutoff 
corners. 



(fi/do) 


Fig. 4-58.—Reflection from /7-plane cutoff 
corners. 
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the radius of curvature of the bend is decreased. The guide wave¬ 
length in the bend is almost equal to that in straight waveguide for 
smooth undistorted bends. Two alternatives are presented in design¬ 
ing circular bends for wide wavelength ranges: (1) the radius of curvature 
may be made very large so that the reflections from each end are negligi¬ 
ble; or (2) the radius may be made very short (X c /2) so that the deviation 
of the bend length from \,/2 is small over a wide range of wavelengths. 
Both methods have been used successfully in practice; however, the 
short radius is preferred because of space 
and weight limitations. 

Figure 4*60 illustrates the E- and H- 
plane circular bends in rectangular wave¬ 
guide. These bends may be made by 
filling a straight section of waveguide 
with cerrobend or Wood’s metal and 
bending the section by a machine or 
press, by the electroforming process dis¬ 
cussed in Sec. 3-2, or by machining. 
After bending in the first method, the 
filler is melted Out. The bending method 
is the most economical and is adequate 
for bends of large radius. For bends of 
small radius, the bending process pro¬ 
duces excessive distortion in the wave¬ 
guide walls which causes impedance 
mismatch. The electroforming process 
is recommended for bends of short radius. 
The machining process is applicable to 
any size. The bend is turned on a 
lathe in the form of two U-shaped cir¬ 
cular troughs in such a way that the seam 
is in the center of the wide side wall. The two halves are then soldered 
together and the unit is cut into bends of any desired angle. 

Twists in rectangular waveguide are very similar to circular bends 
since they are best matched when their length is any number of half¬ 
guide wavelengths. The guide wavelength in the twisted section is 
nearly equal to that in the straight waveguide if the cross-sectional 
dimensions of the twist at any point are the same. Twists are made by 
filling a waveguide section with cerrobend or Wood’s metal and twisting 
the section in a vice or machine to the desired angle. 

The results of tests on several waveguide circular bends and twists 
are given in Table 4-9. The dimensions for circular bends are illustrated 
in Fig. 4-60. 




Fig. 4-60.—Waveguide bends, 
(a) //-plane bend. (6) F-plane 
bend. 
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Table 4-9.—Performance of Waveguide Circular Bends and Twists 


Type 

Waveguide, 
size ID, in. 

Inside 

radius R, in. 

0 

Design wave¬ 
length, cm 

Bandwidth 
for r below 
1.05, per cent 

.E-plane bend 

1.34 X 2.84 

6 

45° 

10 

> +20 


1.34 X 2.84 

6 

90° 

10 

> +20 


1.125 X 0.50 

2 

90° 

3.3 

+9 


0.90 X 0:40 

0.50 

180° 

3.3 

> +9 


0.90 X 0.40 

0.25 

90° 

3.3 

> +9 


0.90 X 0.40 

3.00 

90° 

3.3 

> +9 


0.420 X 0.170 

0.50 

90° 

1.25 

> +4 

H -plane bend 

1-34 X 2.84 

6 

45° 

10 

+ 10 


1.34 X 2.84 

6 

90° 

10 

> +20 


1.125 X 0.50 

2 

90° 

3.3 

> +9 


0.90 X 0.40 

0.192 

90° 

3.35 

+4 


0.90 X 0.40 

1.1875 

90° 

3.30 

+9 


0.420 ± 0.170 

0.50 

90° 

1.25 

> +4 


Type 

Waveguide size 
ID, in. 

Length, in. 

Design 

wavelength, 

cm 

Bandwidth 
for r below 
1.05, per cent 

Twists 

0.900 X 0.400 

2 

3.4 

+ 6 


0.900 X 0.400 

3 

3.4 

±3.7 


1.125 X 0.500 

4 

3.3 

> +9 


0.420 X 0.170 

H 

1.25 

> +4 


0.420 X 0.170 

2i 

1.25 

> ±4 


Impedance-Matching 

Impedance-matching devices in waveguide are sometimes necessary 
to correct for the mismatch of a component or assembly of components 
in the line. The matching consists of introducing into the line a reflect¬ 
ing element that sets up a reflection equal in magnitude but 180° out of 
phase with the existing reflection. If the reflecting element is a perfect 
conductor, its action is equivalent to some combination of series and 
shunting reactors in an ordinary transmission line which absorb no power. 
Many reflecting elements whose dimensions along the guide axis are small 
compared with a wavelength are equivalent to simple shunting reactances 
in the line. The equivalent reactance for elements discussed in the 
following sections have been determined theoretically and verified experi¬ 
mentally. This equivalent reactance is given as the normalized suscept- 
ance B. The normalized input admittance Y to such reflecting elements 
when introduced into a matched waveguide is 

Y = 1 + j£. 


(53) 
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The voltage standing-wave ratio set up in a matched line by an element 
of normalized susceptance B is 1 


V4 + B 2 + B 
V4 + B 2 — B 


(54) 


The susceptance B required to correct a given voltage standing-wave 
ratio r may be written as 



(55) 


The location of the reflecting element for correction of the mismatch r 
is determined by 


d = 



720° 


K 


(56) 


where d is the distance between the reflecting element and a voltage 
minimum. If the reflecting element is inductive (B is negative), it 
should be placed at a distance d on the load side of a minimum; and if 



Fig. 4-61. —Distance between voltage minimum and position of matching susceptance. 

capacitive, it should be at a distance d on the generator side of a minimum 
For best operation over a broad band, the minimum position mentioned 
above should be the first one on the generator side of the component or 
discontinuity causing the reflection. 

Curves of r vs. B and d/\ vs. B are given in Figs. 2-12 and 4*61. 
The effect of higher modes (fringing fields) is neglected in the calculation 
of the curves. This higher mode effect has been troublesome only in 
1 Microwave Transmission Design Data, Sperry Gyroscope Co., May ! 944, p. 97. 
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cases where large susceptances were used in waveguides operated at a 
wavelength just above their cutoff wavelength. 

The simple shunting reactance elements which have been used exten¬ 
sively in microwave-transmission systems and which will be discussed 
here are (1) inductive diaphragms, (2) capacitive diaphragms, (3) capaci¬ 
tive buttons and dents, and (4) quarter-wavelength transformers. 

4*14. Inductive Matching Diaphragms.—A diaphragm in waveguide 
is an aperture in a thin metal diaphragm that extends transversely across 
the guide. In the inductive diaphragm, the aperture extends completely 
across the guide, the edges being parallel to the electric-field vector for 
the lowest mode. Inductive dia¬ 
phragms are made in two types, 
symmetrical and asymmetrical, 
which are illustrated in Fig. 4-62a. 

In the symmetrical type the 
aperture of width d is centered be¬ 
tween the guide walls. The shunt 
susceptance for this type has the 
theoretical value 1 

- ^ COt! (la)' < 57 > 

where \ is the guide wavelength 
of the lowest mode and a is the 
longer of the cross-section inside 
dimensions of the guide. Figure 
4-63 shows the theoretical varia¬ 
tion of B with d/a computed by a more accurate expression than Eq. 
(57). 

In the asymmetrical type, the center line of the aperture is displaced 
from the half-way position between the guide walls. If X 0 is the center- 
line position measured from the nearest side wall of the guide (X 0 = a/2 
for the centered diaphragm), the theoretical susceptance is 

B = - £ cota t (* + ■»* t (58) 

The approximation in deriving this formula is the same as for the sym¬ 
metrical type but is not so good here because of the asymmetry. The 
special case for which one edge of the diaphragm coincides with the guide 

1 N. H. Frank, Report T-9, Sec. Ill, p. 14. This formula was derived by assuming 
that the cutoff wavelengths for all the higher modes that are excited are so large com¬ 
pared with the free-space wavelength that these may be neglected relative to the cutoff 
wavelength. 



Fig. 4-62.—Inductive and capacitive 
diaphragms in rectangular waveguide. (a) 
Inductive diaphragms. (6) Capacitive dia¬ 
phragms. 
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wall is contained in this equation, if one sets X 0 — d/ 2 . For this special 
case, the shunt susceptance is given by 


Figure 4-64 is a plot of the variation of B(afK g ) with d/a for this special 
case for an accurate theoretical formula. 

A circular aperture centered in a waveguide of circular cross section 
as shown in Fig. 4-65 is inductive. Measurements have been made at 



-JX -jX 



Fig. 4-65. —Inductive window for circular 
waveguide. 



0.20 0.30 0.40 0.50 0.60 0.70 0.80 


d in inches 

Fig. 4-66. —Normalized susceptance ol 
inductive diaphragm in circular waveguide, 
X = 3.20 cm. 



Fig. 4-67.—Normalized susceptance of 
inductive diaphragm in circular waveguide; 
X — 3.20 cm. 



Fig. 4-68. —Series reactance of inductive 
diaphragm in circular waveguide; X = 3.20 
cm. 
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X 0 = 3.20 cm (k g — 2.026 in.) for a waveguide y§-in. ID (TEn-mode). 
The equivalent circuit parameter B, plotted against d, is given in Figs. 
4-66 and 4-67 for a ^-in. diaphragm. Figure 4-66 also gives a theoretical 


curve, the theory assummg small 

t in inches 


n 0 0.10 0.20 0.30 0.40 0.50 0.60 



Fig. 4-69. —Variation of equivalent circuit 
parameters with thickness of diaphragm; 
X = 3.20 cm. 


the guide, and d is the width of the 
phragm (see Fig. 4-626), 


)les in an infinitely thin barrier. 
Figure 4-68 gives a plot of X/Z 0 
vs. d for the same case; and Fig. 
4-69 is a plot of B/Y 0 and X/Z 0 
vs. t for d = in. 

4-16. Capacitive Matching 
Diaphragms.—The aperture in a 
capacitive diaphragm extends 
across the guide, as shown in Fig. 
4-626, the edges being parallel to 
the longer cross-section dimension 
a of the guide. The theoretical 
shunt susceptance of such a dia¬ 
phragm centered between the 
guide walls is, for infinitely thin 
diaphragms, 

B = K lnaiC 2b’ (60) 

where k g is the guide wavelength 
of the lowest mode, 6 is the shorter 
cross-section inside dimension of 
ierture. For an asymmetrical dia- 


B = 


86. 7T d 

X„ lncsC 2& 


( 61 ) 


Figure 4-70 shows the theoretical and observed variations of B with d/b 
for waveguide 3.44 cm by 7.21 cm ID at a wavelength of 9.8 cm. The 
theoretical value is derived to the same degree of approximation as in 
the inductive case. The experimental observations were made at the 
Research Laboratory of the General Electric Company. 

The thickness of the diaphragm has a large effect on the susceptance 
of capacitive diaphragms. For small but finite diaphragm thickness, 
the following theoretical formulas have been derived. 
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where B and G are the shunt susceptance and shunt conductance of the 
diaphragm of thickness t, B 0 being the value given by Eq. (61). These 
values refer to the entrance planes of the diaphragm. 

The use of the capacitive diaphragm is limited to relatively low- 
power systems because of the danger of voltage breakdown. 



Fig. 4-70.—Normalized susceptance of asymmetrical capacitive diaphragm. 



4*16. Capacitive Buttons and Dents.—Capacitive buttons are some¬ 
times used for matching of components and transmission systems. The 
capacitive button consists of a metallic cylindrical rod of finite length 
inserted into the center of the wide side of the waveguide so that its axis 
is parallel to the electric field. Such a device is shown (for rectangular 
waveguide, TEio-mode) in Fig. 4-71. The cylindrical post of length l 
and diameter d is joined to the wide side of the waveguide. An equiva¬ 
lent circuit referred to the reference plane in Fig. 4-71 is a T-network 
whose series and shunt arms are capacitive elements for small lengths of 
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obstacle (and d/\ <3C 1). For lengths approximately one-quarter of 
free-space wavelength, the shunt element becomes series resonant. When 
used as a matching element such buttons are slightly rounded on the 
end to reduce field concentration on the edges and thus to increase the 
breakdown power level in the guide in which the matching button is 
installed. Even with rounded edges, buttons decrease the breakdown 
power level of the waveguide. 

A plot of experimental data for the relative reactances of the series 
and shunt arms as a function of the obstacle length for the case d = 0.25 
in., a = 0.90 in., b = 0.40 in., and X = 3.2 cm, is given in Fig. 4-72. 

The data were taken on a tuning 
screw with slightly rounded edges. 
The choke on the tuning screw 
introduced a small reactance 
( « 0.05) even for zero length; this 
reactance has been subtracted 
from the X a /Z 0 plot. 

Dents may be used in match¬ 
ing components after assembly to 
correct for manufacturing toler¬ 
ances. Dents are very similar to 
the capacitive button since a dent 
in the center of the wide side of 
a waveguide is capacitive, and it 
reduces the breakdown power 
level of the waveguide. Dents 
can easily be made at any desired 
position along the line for final 
matching of a component or sys¬ 
tem. To find the correct position, 
a clamp may be placed on the waveguide at different points to squeeze 
the waveguide just enough to see if a dent at that point would decrease 
the reflection. After removing the clamp, the waveguide springs back 
almost to its original position if the dent is not deep. When the correct 
position is reached, the dent is made deep 3nough so that when the clamp 
is removed the depth of the penetration is correct for matching. This 
procedure is quite satisfactory when a directional coupler is used to 
indicate the reflected power. When a slotted section of waveguide is 
used to measure the reflected power, it is more convenient to calculate 
the proper location for the dent. The proper distance from a voltage 
minimum position is shown in Fig. 4-61 where the distance d is plotted 
against the voltage standing-wave ratio. For a capacitive element 
such as the dent, the proper distance between the voltage minimum 
and the element measured toward the load is X/2 — d. 



Fig. 4-72.—Reactances of a capacitive tuning 
screw; X = 3.20 cm. 







Sec. 417] 


QUARTER-WAVELENGTH TRANSFORMER 


217 


The reflection from a dent measured in r 2 increases linearly with the 
depth of the dent. Experimental results on waveguide 0.500 by 1.125 in. 
ID show an increase in r 2 of 0.08 per ^-in. depth. 

4*17. Quarter-wavelength Transformer.—A transformer ip a wave¬ 
guide is made by an abrupt change of either or both cross-sectional inside 
dimensions of the guide. The quarter-wavelength transformer is equiva¬ 
lent to a matching diaphragm with a thickness of one-quarter guide 
wavelength. If the original dimensions are called a and b and the 
reduced dimensions a' and b', the ratio of the impedance of the smaller 
to the larger may be calculated from Eq. (2-160) for changes in either 
or both dimensions. The ratio is 


Zi b' a 'Kg 

Z o b a' \ a 


(63) 


In addition to this change in characteristic impedance, a shunt sus- 
ceptance is introduced at each junction. Higher modes are also set up 
at such junctions especially when the change is asymmetrical (guide axis 
shifted in transformer section). These higher modes are damped out 



Fig. 4*73.—Asymmetrical quarter-wavelength transformer. 


rapidly by a transformer of smaller dimensions than the waveguide 
and therefore cause little trouble in quarter-wavelength transformers. 
Since the quarter-wavelength transformer is essentially a matching 
diaphragm which is one-quarter wavelength in thickness, the junction 
susceptance may be estimated from the preceding formulas and curves 
for matching diaphragms. Since asymmetrical transformers involving a 
change in only one guide dimension are more practical from the manu¬ 
facturing standpoint, they are frequently used. The asymmetrical 
capacitive transformer shown in Fig. 4-73 is usually used because in this 
type the cutoff characteristics of the guide for the TA'io-mode are not 
changed and the construction is very simple. For small changes in the 
characteristic impedance, the junction effects are small. The input 
admittance seen at the generator side when the load end is matched is 
given by 



The transformer may be designed to cancel a given mismatch by the 
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above formula. To avoid difficulty in locating the transformer at the 
correct position, it may be made to slide in the guide after being tinned 
with solder on the bottom and sides. A small hole in the center of the 
broad face of the guide will enable the operator to move the transformer 
until a match is obtained; then the transformer is soldered in place by 
heating the outside of the guide. 

Pressurizing Windows 

Pressurizing windows are structures sealed in the line for protection 
of an entire transmission system or of individual components from 



Fig. 4-74.-—Thin-sheet, nonresonant windows. 


moisture, fungus growth, and corrosion during shipment, storage periods, 
and operation. Pressurizing windows also increase the voltage break¬ 
down limit of a microwave transmission system, if the system is sealed 
under pressure as discussed in Chap. 3. 

Four types of pressurizing windows are known for sealing waveguide 
systems: (1) thin sheets, nonresonant; (2) thin sheets in resonant mount; 
(3) half-wavelength dielectric plugs; and (4) T-shaped dielectric plugs 
three-quarters wavelength long. All types make use of low-loss dielectric 
materials for transmission of power without attenuation. The material 
must be low loss to prevent r-f heating and consequent destruction of the 
dielectric material as well as undesirable results in matching. The 
electrical and mechanical characteristics of these materials and techniques 
for handling them are discussed in Chap. 3. Therefore, the following 
sections are discussions of each type principally from the standpoint of 
electrical design. 

4*18. Thin Sheets, Nonresonant.—Pressurizing windows of this 
type make use of a transverse sheet of nonporous dielectric material 
sealed into the waveguide. The seal is made by supporting the sheet 
between a choke and flange with glue on each side or by clamping with a 
gasket on each side as shown in Fig. 4-74. In Fig. 4-74a the impedance 
added in series with the line at A by the dielectric-filled radial line and the 









Sec. 4-18] 


THIN SHEETS, NONRESONANT 


219 


circular-choke groove is made small by the same methods used for the 
design of choke couplings (see Sec. 4-9). Radiation at B may be elimi¬ 
nated by the metal contact and by using a lossy rubber for the gaskets. 
The choke-groove diameter D for minimum current at B will be smaller 
in this case than in the ordinary choke coupling because the dielectric 
sheet increases the effective length of the gap. Sheets of mica or Teflon 
0.010 in. thick have been used between standard choke-flange couplings 
in waveguide 1 by ^ in. with 0.050-in. wall at 3.2 cm without excessive 
reflection. Some method of preventing radiation should be used in such 
a case, however, if a receiver is located near the coupling. Figure 4-746 
shows another method using a half-wavelength radial line filled for a 
quarter wavelength with the rubber gaskets to seal the dielectric sheet 
on either side (d « X/4). The high dielectric constant of the rubber 
makes the guide wavelength in this section very short. Leakage at B 
may be prevented by a thin ring of soft copper clamped around the two 
gaskets as shown in the insert. The copper ring makes a good short 
circuit at B and provides a method for making a unit for easy replacement. 
The considerations for making the impedance at A small over a broad 
band of wavelengths are the same as those discussed in Sec. 4-9 for choke 
couplings; namely, the characteristic impedance in the outer X/4 section 
should be high compared to that in the inner section (x ^ y), and y should 
be as small as practical from the standpoint of strength of the dielectric 
sheet. The edges of the waveguide at A should be rounded slightly to 
prevent cutting of the dielectric sheet when pressure is applied on one 
side. 

The reflection from the sheet across the waveguide can be calculated 
ass uming a section of dielectric material of thickness t fitted into a section 
of waveguide in a plane perpendicular to the guide axis. K the guide is 
viewed from the generator side with a matched load beyond the window, 
a normalized impedance Z, is seen at the face of the dielectric sheet which 
is 


y _ „„ 1 + jZ' 0 ' tan 6 
* 0 Z" + j tan 6 ’ 


(65) 


where Z" is the normalized impedance of the dielectric-filled guide 
[Eq. (2-168)], and 6 is 2irt divided by the guide wavelength in the dielec¬ 
tric-filled guide X" given by Eq. (2-147). By dividing out the right-hand 
side of Eq. (65) to form a power series, the following equation is obtained. 

Z. = 1 + j tan e (zz - + tan 2 e [l - ^y 2 ] 

- j tan 2 6 [^r, - pnp] + • • • (66) 
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Since 0 is small for thin sheets, the squared term is negligible and 
tan 0 = 0 = 2irt/\”; consequently, 

= i + (z" — >)■ (67) 

The guide wavelength in the dielectric-filled section is equal to the 
product of X fl (air-filled) and Z". Equation (67) therefore reduces to 



From Eq. (2-147) this may be expressed in terms of the dielectric constant 
k e of the sheet, 

Z « = 1 ~ 3 X fl (\2 - C \ 2 ) ( ke ~ ^ (69) 

Equation (69) shows that the thin sheet of dielectric material acts like a 
series capacitive reactance in the waveguide. At a given wavelength, 

this reactance is directly propor¬ 
tional to the thickness and to the 
dielectric constant minus one. 
Figure 4-75 shows the value of 
this normalized reactance per mil 
thickness plotted against the die¬ 
lectric constant k e for three com¬ 
mon waveguide sizes. This 
reactance is nearly equal to r — 1 
for thin sheets. 

A pressurizing window of this 
type is practical at the lower mi¬ 
crowave frequencies where a thick 
sheet strong enough to stand at¬ 
mospheric pressure variations may 
be used without causing large re¬ 
flections. The reactance caused 
by the dielectric sheet changes 
very little over the wavelength 
band of a given waveguide operating in a single mode (see Sec. 4-7). 
A pressurizing window of this type may be matched with an induc¬ 
tive matching diaphragm at the front face of the dielectric sheet. A 
symmetrical matching diaphragm is preferable because asymmetry would 
cause higher mode excitation in the choke. 

4*19. Thin Sheets in Resonant Mount.—A pressurizing window of this 
type consists of a resonant aperture in a thin metallic sheet filled with 



nonresonant windows, (a) Waveguide i by 
i in. by 0.040-in. wall at Xo = 1.25 cm. (5) 
Waveguide 1 by 1 in. by 0.050-in. wall at 
Xo = 3.3 cm. (c) Waveguide 3 by in. by 
0.080-in. wall at Xo = 10 cm. 
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glass. Two such designs have been developed as shown in Figs. 4-76a 
and b. These developments were carried out at the General Electric 
Company and the Westinghouse Electric and Manufacturing Company, 
respectively. Both units consist of a Kovar (or Fernico) disk or plate 




Fig. 4*76.—Resonant window in rectangular waveguide, (o) Rectangular aperture 
window. (6) Circular aperture window. 


with a resonant opening into which glass with the same thermal properties 
as the metal is sealed. 

The first design may be soft-soldered into the waveguide directly 
as shown in Fig. 4*76a. A structure of this kind is known as a “trans¬ 
mitting screen” or “resonant aper¬ 
ture.” It has been found experi¬ 
mentally that the appropriate 
dimensions for a rectangular reso¬ 
nant opening is given approximately 
by the relation 

(70) 

This empirical rule is extremely use¬ 
ful in obtaining approximate dimen¬ 
sions of the opening for resonance; and information contained in it can 
be represented by the following geometrical construction. In a cross 
section of the waveguide as shown in Fig. 4-77, a line AB, of length 
Xo/2 (X 0 is the free-space wavelength), may be drawn with its center 
at the waveguide axis. Two hyperbolas may then be constructed with 
their vertices at A and B, respectively, which pass through the corners 
of the guide cross section, as shown. Then the corners of a resonant 
opening lie on these two hyperbolas, as, for example, those of the opening 
of dimensions a ' and b f . A resonant diaphragm with such an opening 
will be matched if the diaphragm is very thin. This condition is changed 
somewhat in the pressurizing window because of the dielectric fillin g 
and because the thickness must be appreciable for mechanical support. 
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The effective thickness of the resonant diaphragm is increased and the 
characteristic impedance in the aperture is reduced by the dielectric 
material. Both the thickness of the diaphragm and the presence of the 
dielectric material have the effect of adding capacitance at the input 
side of the opening. To correct for this added capacitance, the dimen¬ 
sion o' may be made smaller. The amount of the decrease in o' for com¬ 
plete correction is directly proportional to the thickness, as seen in the 

analysis of Sec. 4-18. In practice, 
this decrease may be made larger 
than necessary and the thickness of 
the finished diaphragm reduced on 
a grinding wheel until resonance 
occurs at the desired wavelength. 
This procedure corrects for toler¬ 
ances and variations in the charac¬ 
teristics of the dielectric material 
used. The dimensions of a reso- 



e=y^/zA 

Fig. 4-78.—Mismatch of resonant win- Fig. 4-79.—Half-wavelength dielectric plug 



dows. Curves a and b are for corresponding 
designs of Fig. 4-76. 


in a section of waveguide. 


nant window for 1- by £-in. (0.050-in. wall) waveguide are shown in Fig. 
4-76a. Curve a of Fig. 4-78 shows the mismatch 1 caused by such a design 
over a 12 per cent wavelength band. 

The second design is much the same as the first except that the 
aperture is circular. The correct diameter for resonance in such a design 
is larger than the narrow inside dimension of the waveguide a. For this 
reason the resonant diaphragm is supported in the line between two choke 
couplings as shown in Fig. 4-766. Dimensions are given for a resonant 
window of this type for use between two standard choke couplings (see 
Table 4-7) designed for 1- by i-in. (0.050-in. wall) waveguide as shown 
in the figure. The mismatch caused by such a design Over a 12 per cent 
wavelength band is also shown in Fig. 4-78, Curve 6. 

4*20. Half-wavelength Dielectric Plugs.—A simple pressurizing 
window for narrow-band operation may be made by inserting a half¬ 
wavelength dielectric plug into waveguide as shown in Fig. 4-79. The 
guide wavelength in the dielectric-filled section is given by the formula 


i R. M. Walker, RL Report No. 587, June 29, 1944. 
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where k e is the dielectric constant of the medium. The normalized 
impedance looking into the face of the plug from the generator side with a 
matched line on the other side is given by Eq. (65). From this equation 



it can be seen that, when 6 is 180° or A"/2, the normalized input imped¬ 
ance is unity and the line is matched. The frequency sensitivity of the 
half-wavelength dielectric plug depends upon the dielectric constant of 
the material used. The mismatch in voltage standing-wave ratio intro¬ 
duced into a 1- by £-in. (0.050-in. wall) waveguide by a dielectric plug 
which is a half wavelength long at A 0 = 3.3 cm is plotted against A 0 
for three values of the dielectric constant k e in Fig. 4-80. 

4*21. T-shaped Plugs Three-quarters Wavelength Long.—A pres¬ 
surizing window of this type is a modification of the type discussed in 
Sec. 4-20, which is much less frequency-sensitive. Referring to Fig. 
4-81, the center section A completely fills the waveguide and provides 
the pressure seal. In sections B and C, the waveguide is only partly 
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filled with dielectric and the characteristic impedance is the geometric 
mean between that in section A and that in the air-filled guide. Sections 
B and C thus serve as quarter-wavelength matching sections from air- 
filled guide to dielectric-filled and back to air-filled. As will be seen 
later, this leads to a broadband impedance match. Other shapes were 
tried but they failed to give the desired bandpass characteristics—prob¬ 
ably because of higher mode excita¬ 
tion in the dielectric-filled section. 

From the transmission-line 
equation, Eq. (65), the impedance 
seen looking into a line of character¬ 
istic impedance Z c that is one- 
quarter wave-length long and is 
terminated in an impedance Z R is 
Z\/Z R . Applying this formula to 



—T-shaped plug three-quarters 
wavelength long. 


each of the three sections of the window in Fig. 4-81 from right to left, 
assuming a matched line to the right of the window, it is found that the 
impedance at the left face of section C is 

z = < 72) 


where Z 0 , Z", and Z' 0 are the characteristic impedances of the air-filled 
guide, section A, and sections B and C, respectively. From Eq. (72) 
it is seen that no mismatch occurs when Z' 0 is equal to the square root of 
ZoZ". From Eq. (2-168) it appears that this condition is also satisfied 
when X' is equal to the square root of X'%. The equation for determining 
the quantities X" and X„ is Eq. (2-147). Referring to Fig. 4-81, and x 2 
are made one-quarter X' and respectively. 

Now except for dimension d/b, all the dimensions of the three-quarter- 
wavelength T-shaped pressurizing window have been determined (see 
Fig. 4-81). Theoretical considerations of the boundary conditions at 
the air-dielectric surface lead to the following equation relating the 
guide wavelength in the partly filled line to that in air-filled line (see 
Yol. 8, Chap. 11): 

tan A(b - d) = — tan 2 tt A'd (73) 

where 

A = 27r >Jx2 “ X^ 2 + Aa 2 ’ 

A ' = 2lV yj >| ” X? + 4a 2 ‘ 

Figure 4-82 shows a curve of d/b for a = 0.900 in., b = 0.400 in., and 
X 0 = 3.3 cm when X' is the square root of the product of X„ in air and \ 0 
in completely filled guide. The curve gives the theoretical percentage 
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filling for the outer sections of the three-quarter-wavelength T-shaped 
windows in the given waveguide at 3.30-cm free-space wavelength. An 
experimental curve is also drawn in dotted lines for the same conditions. 
The experimental curve is consistently above the theoretical curve, the 
deviation becoming greater as k e increases. This deviation is partially 
caused by the junction effects that would be shunt capacitive reactances 
across the line. The junction ef¬ 
fects could have been corrected 
by lengthening the outer sections, 
the center section, or both. In¬ 
creasing the dimension d effec¬ 
tively increases the length of the 
outer sections by decreasing the 
guide wavelength in the partly 
filled guide and in addition makes 
a double-tuned circuit which in¬ 
creases the bandwidth of the win¬ 
dow. Experiments show that the 
maximum bandwidth is obtained 
by a combination of the above ef¬ 
fects, increasing d and thereby cor¬ 
recting for junction capacitance in the outer sections and forming a double- 
tuned circuit and also increasing the length of the center section. 

The reason that a construction of this type leads to a broadband 
window is indicated by the impedance charts of Fig. 4-83. In the figure 
the three-quarter-wavelength T-shaped plug is compared to the half¬ 
wavelength plug. At midband where the dimensions are correct both 
types are matched as shown in Fig. 4-83a. At a longer wavelength 
(Fig. 4-836) the half-wavelength plug transforms the impedance Z' = Z 0 
along the dashed circle about the center Z„ to the impedance Z' d . At 
this longer wavelength, the length x 3 is shorter than a half wavelength 
by 2/8. Hence, Z d is rather poorly matched to Z 0 . The three-quarter- 
wavelength T-shaped window is better matched, and the following 
transformations occur. The section B transforms Z 0 (along the circle 
of radius r 3 ) about its characteristic impedance Z f 0 . This fails to match 
into the impedance Z" of the next section, as indicated, since the length 
o6 is now shorter than a quarter-guide wavelength. This impedance 
Zb is then transformed by the center section be to a point Z c which 
is almost symmetrically above Z b ; consequently, the section cd trans¬ 
forms it along the arc Z c to Z d almost symmetrically above the arc 
Z a to Zd. This leads to an impedance Z d which is quite well matched 
to Z 0 . A similar line of reasoning shows that below midband Z d is also 
well matched. 

The bandwidth for this type may be further increased by making 



Fig. 4-82.—Design curve for T-shaped plug 
in rectangular waveguide. 
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Z' 0 slightly less than the square root of Z Q Z 0 . The window then acts like 
a double-tuned circuit which is matched to the characteristic impedance 


of the guide at two wavelengths, one 



Fig. 4-83.—Waveguide impedance curves 
for dielectric plugs, (a) At midband; 
xi = \’g/4;x2 = 'K"g/4:;x z =\\"g/2. (b) Above 

midband;a;i < X' a /4; xz < \" g /4;x z < X" a /2. 
(c) Below midband; x\ > X' p /4; xz > X" a /4; 
x s > X" a /2. The dashed circle, z'd, and x% 
refer to a half-wave bead (see Fig. 4-79). 
Full circles, z& «i and xz refer to T-shaped 
plug (see Fig. 4-81). 


on each side of the original design 
wavelength; and a slight mis¬ 
match occurs at the design wave¬ 
length. This mismatch is about 
1.03 in voltage standing-wave ra¬ 
tio for a change of 2 per cent in Z' 0 . 

4*22. Summary of Pressuriz¬ 
ing-window Designs.—The vari¬ 
ous types of pressurizing windows 
already discussed have been used 
in microwave transmission circuits 
extensively except for the half¬ 
wavelength dielectric plug which is 
too frequency-sensitive for sys¬ 
tems covering a wide wavelength 
range. Each type has its limita¬ 
tions, however, with regard to 
ruggedness, sealing difficulties, 
breakdown characteristics, atten¬ 
uation, and mismatch as a func¬ 
tion of wavelength. The 
resonant sheet window made of 
glass sealed in a Kovar disk is con¬ 
sidered the most rugged design 
and makes a permanent seal. For 
this reason it is used in applica¬ 
tions where replacements cannot 
be made in the field such as cavity 
magnetron and TR switch output 
seals. The other types have bet¬ 
ter breakdown characteristics and 
introduce lower mismatch over a 
wide band of wavelengths. A 
summary of these characteristics 


for the window types discussed is given in Table 4-10. Dimensions are 
given for each type as well as the free-space wavelength for which they were 
designed. The mismatch characteristics are given as the wavelength band 
obtained in the particular design for a voltage standing-wave ratio less than 
1.10. This wavelength band is given as percentage of the Resign wave¬ 
length, the design wavelength being midband. The breakdown power 
level is given in kilowatts at an altitude of 50,000 ft (~ 12 cm Hg). 
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Table 410.— Pressurizing Windows in Rectangular Waveguide 


Type 

Fig. 

No. 

Dielectric* 

Window 

dimensions, 

in. 

Waveguide 
dimen¬ 
sions,! in. 

db ' 

Wave¬ 
band for 
r < 1.10, 

Breakdown 
power at 
50,000 ft, 
kw 


X, 

d 

a 

6 

Three-quarter- 

4.81 

Polystyrene 

0.315 

0.225 

0.180 

0.900 

0.400 

0.005 

3.3 ±6% 

60 

wavelength 

4.81 

Polyglas pt 

0.300 

0.220 

0.160 

0.900 

0.400 

<0.040 

3.3 ± 6 

65 

plug 

4.81 

Polyglas pt 

0.285 

0.225 

0.310 

1.122 

0.500 


3.3 ± 5 



4.81 

Polyglas pt 

0.104 

0.072 

0.068 

0.420 

0.170 


1.25 ± 3 



4.81 

Polyglas pt 

0.940 

0.608 

0.503 

2.84 

0.134 


10.00 ± 15 


Sheet in reso¬ 

4.76a 

Glass} 

0.315 

0.590 

0.035 

0.900 

0.400 

0.200 

3.2 ± 1.5 

36 

nant mount 

4.766 

Glass || 

0.590 


0.050 

0.900 

0.400 

0.060 

3.2 ± 5 

50 

Nonresonant 

4.74 

Mica || 

0.002 



0.900 





sheet 

4.74 

Teflon || 

0.010 



0.900 

0.400 

0.015 

3.3 ± 6 

65 


* See Table 3.5 for characteristics. 

t Column a is the wide and 6 the narrow cross-sectional inside dimension. 

t Treated to prevent moisture absorption. 

§ Test on a single sample, may not be representative. 

li Mounted between two choke-flange couplings. 

VOLTAGE BREAKDOWN AT MICROWAVE FREQUENCIES 

By G. L. Ragan 

With the introduction of the technique of using short pulses of r-f 
energy at a high-power level, the problem of voltage breakdown in the 
transmission lines and waveguides becomes a serious one. In order 
to gain a better understanding of the factors that influence the power 
level at which microwave breakdown occurs, a series of experiments was 
performed. 1 An attempt was made to obtain quantitative data regard¬ 
ing those factors which were found to be relatively important. 

4*23. Apparatus and Methods.—In these experiments the r-f power 
sources used were microwave magnetrons energized by high-voltage 
d-c pulses of short duration supplied by a pulse-generating power supply 
usually referred to as a “modulator.” The maximum power available 
at the three wavelengths used is given in Table 4-11, the lower values 
being the powers regularly available in most of the experiments, the higher 
values being available for only a small fraction of them. An attempt was 
made to obtain a combination of magnetron and modulator that would 

1 D. Q. Posin, Ina Mansur, H. Clarke, “Experiments in Microwave Breakdown,” 
RL Report No. 731, Nov. 28, 1945. Unless otherwise stated, all figures and conclu¬ 
sions given in the text are based on these experiments. 

H. F. Clarke, G. L. Ragan, R. M. Walker, I. Mansur, “Summary of High Power 
Breakdown Tests on Microwave Components,” RL Report No. 1071, Jan. 10, 1946. 
This article contains a thorough treatment of methods and techniques, including 
magnetron type numbers, modulator model numbers, water-circulating system, 
and bo forth. 
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fur nish the highest powers provided by contemporary design in these 
fields. Wherever possible a modulator was used that Was capable of 
furn i shing a number of different pulse lengths and repetition rates. 


Table 4-11 


Nominal 
wavelength, cm 

Maximum power 
available, kw 

Usually 

Sometimes 

10.5 

1000 

1500 

3.2 

125 

250 

1.25 

50 

125 


It was decided to use rectangular waveguides exclusively in these 
experiments, since they provide an electric field that is uniform in the 
direction of the field. In order to provide increased fields, waveguide 



Fig. 4-84.—Experimental waveguide section. 


sections of the type shown in Fig. 4-84 were used. The long tapered 
sections provide impedance-matching between the normal-size waveguide 
and the constricted portion. Dimensions of the various test sections 
used are given in Table 4T2. The relation between electric field and 
power transmitted in a matched waveguide of width a and height d 
(sometimes referred to as “gap” in the following discussion) is 

£-=6.63X10-*-*(£} (74) 

In order to determine the electric field strength, it is necessary to 
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measure the power being transmitted. This is done by the use of a 
directional coupler that transmits a known fraction of the power in the 
incident wave to a power-measuring thermistor bridge (see Vol. 11, 
Chap. 3). An alternative method is that of absorbing the r-f power in a 


Table 4-12 


1 

Nominal wave 
length, cm 

Guide width 
a, in. 

Guide height 
d, in. 

Reference symbol 
on curves 

10.5 

2.840 

0.110 

S 110 



0.040 

S 40 

3.2 

0.900 

0.006 

X 6 



0.017 

X 17 



0.038 

X 38 

1.25 

0.420 

0.006 

K 6 



0.016 

K 16 



0.036 

K 36 



0.059 

K 59 


“water load.” In this device the r-f power is absorbed in a flowing 
stream of water, and the average power is computed from the heating 
of the water by ordinary calorimetric methods. With careful use, the 



water load is felt to be the most accurate power-measuring instrument 
available, but it is too slow in response to be very useful in general 
breakdown measurements. In practice, the combination of directional 
coupler and thermistor bridge was calibrated by comparison with a 
water load, with the apparatus arranged as indicated in Fig. 4-85. The 
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thermistor combination was then used in the actual measurements, the 
arrangement being that indicated in Fig. 4-86. 

The pulse length and repetition rate were measured by the use of a 
synchroscope (Vol. 5, Sec. 16-5). This instrument is basically a cathode- 
ray tube provided with a circuit for generating pulses that are used to 
trigger the modulator which applies power to the magnetron and simul¬ 
taneously to start the horizontal sweep of the cathoce-ray tube. The 



magnetron current or voltage is indicated by the vertical deflection on the 
cathode ray screen. From the data on pulse length, repetition rate, 
and average power it is a simple matter to obtain the pulse power, 
that is, the average power during the time interval in which the mag¬ 
netron is oscillating. 

An analysis of sources and estimate of the magnitudes of the errors 
encountered in the present experiments may be useful, both in evaluating 
the data given and in suggesting improvements in future experiments. 
The largest single source of error is felt to be that caused by the existence 
of standing waves in the test section. In practically a l cases the VSWR 
was below 1.10, averaging about 1.05. Since the constricted portion of 
the waveguide test sections was half a guide wavelength long, a maximum 
of the standing-wave voltage pattern always occurred within the con¬ 
stricted section. As indicated in Table 2-2, the breakdown field in the 
presence of a standing wave occurs at a power that is lower by the factor 
r (the value of the VSWR) than the power that would be required to 
achieve breakdown if the line were perfectly matched. On this basis 
it is estimated that the data on power, quoted without correction, in the 
following pages are subject to a systematic error which gives powers, 
on the average, about 5 per cent low. 
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Other sources of error are usually random rather than systematic. 
The errors in pulse length r and gap height d are estimated at about +5 
per cent, on the average. Both r and d are cons derably less accurate 
than this for small values and more accurate for large values since 
their errors tend to be constant in absolute magnitude rather than on a 
relative basis. 

A number of other sources of error, each averaging about +0.5 per 
cent in magnitude, are as follows: (1) thermal leakage in water-load 
measurements; (2) thermocouple and galvanometer errors in using a 
water load; (3) errors in thermistor bridge; (4) errors in measuring repeti¬ 
tion rate; (5) attenuation in waveguide between measuring section and 
test section. There is, in addition, a rather large error in any given 
measurement, caused perhaps by statistical fluctuations in the ionization 
existing in the gap just before and during the pulse. A method of reduc¬ 
ing this uncertainty by the use of ionizing radiations is discussed in the 
following section. 

It is believed that each individual measurement of power made in 
these experiments is subject to about 5 per cent systematic error (the 
measured values being too low) and about ± 10 per cent random error 
from all causes. Since each point is the average of a number of observa¬ 
tions, it is felt that the powers indicated are accurate to about —5 per 
cent (systematic error) and ±5 per cent (random error); thus half the 
observations of power fall within the range of errors between 0 and —10 
per cent of the true values. Since the field strength E is proportional 
to the square root of the power, the probable error in E is only about 
half as large, namely, -2.5 per cent +2.5 per cent (ranging from 0 to —5 
per cent). 

4*24. Preliminary Considerations.—One of the problems confronted 
at the outset of the experiments was that of obtaining consistent and 
repeatable data. It was noticed in earlier work that rather large dis¬ 
crepancies exist between measurements made at different times, and 
smaller but still bothersome discrepancies occur even between successive 
measurements. 

It was felt that these discrepancies were caused in part by a failure 
to control certain parameters, and it was planned to investigate these 
sources. The discrepancies between successive measurements were 
thought to be due, however, to causes of a statistical nature, and it was 
felt that some improvement might result from irradiating the test gap 
to provide a source of ions. This is a technique familiar in low-frequency 
breakdown studies where the presence of additional ions, while providing 
much more consistent performance, is found to have little effect on the 
average breakdown figures. 

To provide the ionization desired within the waveguide gap, a strong 
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source of gamma-radiation in the form of radioactive cobalt chloride 
was obtained from the Cyclotron Laboratory of the Massachusetts 
Institute of Technology. A very intense source was required (3 milli- 
curies radium equivalent) and it was placed in the form of a small capsule 
directly in contact with the broad surface of the waveguide. Although 
this amount was barely sufficient to cause a noticeable improvement in 
the repeatability, it had a large effect 
on breakdown measurements. This 
is in marked contrast to the experi¬ 
ence at lower frequencies where it is 
found that statistical reliability may 
be achieved without increasing the 
ionization to such an extent that the 
measurements are affected. 

The degree of lowering of break¬ 
down power for a typical wayeguide 
section is shown, as a function of 
pressure, in Fig. 4-87. Curves of 
similar form were obtained for other 
sections. In general, the irradiation 
has its greatest effect at pressures of 
about one-sixth to one-third of an 
atmosphere, and the effect appears to be somewhat larger in magnitude for 
waveguide sections of smaller gap dimension d. 

It is interesting to obtain a crude estimate of the ionization caused by 
the radioactive Co 80 . The gamma rays emitted have an energy of 1.3 
Mev and deday with a half life of 5.3 yr. Since one millicurie gives, by 
definition, 3.7 X 10 7 disintegrations per second, the 3.2-millicurie source 
used emits roughly 10 8 quanta per second or 100 per microsecond. From 
the geometry of the experiment it is estimated that roughly one-tenth 
of the quanta, that is, 10 7 per second, are emitted in such a direction 
that they might cause ionization in a part of the gap where the fields 
are large. The absorption of the gamma rays in the gas furnishes 
negligible ionizatioQ compared with that furnished by secondary electrons 
knocked out of the brass walls of the waveguide. The range of an 
electron whose energy is 1.3 Mev, which is the maximum energy available, 
is about 0.06 cm (0.024 in.). Only those gamma rays absorbed in the 
waveguide wall within this distance of the inner surface may be effective 
in causing ionization in the gap. Since it requires 1.5 cm of copper 
to absorb half the gamma radiation, only about 3 per cent will be absorbed 
in a 0.06-cm layer. These observations lead to a final estimate, crude 
but probably right as to order of magnitude, of 3 X 10 B ionizing events 
per second. On the average, it would be expected that one such event 
would occur every three microseconds. 



Fig. 4-87.—Effect qI radioactive co¬ 
balt on breakdown power. P* is the 
breakdown power when Co* is used, P 
is the breakdown power without radio¬ 
active irradiation, r is pulse width, v r is 
repetition frequency, d is gap (see Fig. 
4-84), X is wavelength. 
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It may be assumed that ions formed within the first 10 per cent of 
the pulse time are almost completely effective. 1 For 1-Msec pulses, the 
probability of occurrence of an ionizing event within the first 10 per cent 
is seen to be about 1 in 30. For the shortest pulse width used in the 
experiments, 0.2 jusec, it would be 1 in 150. 

Each secondary electron passing through the air in the gap causes 
the formation of a number of ion pairs along its path. While the number 
of pairs per unit length is dependent on the energy of the secondary 
electron, it may be taken as about 100, on the average, at atmospheric 
pressure. Multiplying this figure by the 3 X 10 6 events per second, an 
estimate of 3 X 10 7 ion pairs per second per centimeter of path is obtained. 
From the geometry of the apparatus it is estimated that the effective 
secondary electrons are emitted from a wall surface of roughly 3 cm 2 so 
that the number of ion pairs formed per cubic centimeter of gas volume 
is estimated to be 10 7 per second. 

A comparison of the frequency of ionizing events with the number 
normally present as a result of cosmic rays and natural radioactivity is 
enlightening. The latter figure is usually taken as about two per minute 
per square centimeter of wall area or six per minute for the 3-cm 2 area 
being considered. From the comparison of this small number with the 
3 X 10 6 events per second estimated above, a vast improvement in 
statistical reliability when using the radioactive cobalt is expected. 

The improvement, while noticeable, is not so great as it is desirable 
to obtain. A series of 28 trials with the Co* in place was alternated with 
an equal number without artificial ionization. This number of trials 
is not sufficient to justify a thorough analysis of the statistics involved, 
but the following behavior seemed to be indicated: (1) There were con¬ 
siderably fewer large departures from the mean value when Co* was used. 
(2) Half the values fell within a ± 5 per cent range when Co* was used, 
whereas the corresponding range was +6 per cent without it. (3) The 
breakdown power was about half as high when Co* was used as when it 
was not. 

Perhaps the best indication of the improvement in repeatability 
which was provided by the Co* is to be found in the data obtained in a 
series of breakdown measurements in which the pressure is varied. It 
was found that if a single observation is made at each pressure, the 
resulting curve of breakdown power vs. pressure was much smoother when 
Co* was used. In order to obtain satisfactory curves without Co* the 
average of a number of observations was required. One such pair of 
curves is given in Fig. 4-88, from which Fig. 4-87 is derived. 

1 This assumption is rather well justified by data presented in the next section that 
show that a 10 per cent change in pulse duration (which is for practical purposes 
equivalent to an equal change in the time of introduction of a burst of ions) leads to a 
change in breakdown power of only about 3 per cent. 
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In addition to the problem of achieving the repeatability, a cursory 
investigation of two other factors that might be expected to influence 
breakdown was made. The first of these factors was the effect of 
humidity, and the second was that of sharp points on the metal walls. 

Tests were made using approximately saturated air (relative humidity 
conservatively estimated to be greater than 80 per cent) provided by 
circulating air that had been bubbled through water at room temperature. 
These results were compared with those obtained using dry air (conserva¬ 
tively estimated to have a relative humidity of less than 10 per cent) 



Fig. 4-88. —Variation of breakdown power with pressure, with and without Co*. 


provided by circulating air which had been drawn through a trap cooled 
by dry ice. In a series of measurements using alternately dry and wet 
air, the average of breakdown values of seven trials with dry air was 5 
per cent higher than that of the six interspersed trials using wet air. 
These experiments were not intended to afford a precise measurement 
of the effect of humidity but rather to serve as a guide in judging whether 
or not special precautions as to the control of humidity in conducting 
subsequent experiments were necessary. It was felt that since only a 
5 per cent change was indicated under these extreme conditions of 
humidity, it would not be necessary to take special precautions. 

In order to study the effect of sharp points, a quantity of fine brass 
chips whose average size was from 2 to 5 mils was introduced into a 
waveguide section of 40-mil gap and tested at a wavelength of 1.25 cm. 
Breakdown with a large quantity of these “shop dust” particles present 
was about one-third of that observed before their introduction. The 
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same low figure was observed even after the particles were poured 
out of the waveguide section. The few remaining particles adhering 
to the walls were sufficient to maintain the low breakdown power. When 
these were removed by blowing out the waveguide section with a strong 
stream of compressed air, the original high breakdown power was a gflin 
observed. Although these experiments are quite crude, they serve to 
indicate the importance of carefully removing all foreign particles from 
transmission-line components and serve to emphasize the desirability 
of removing burrs and rounding sharp corners. In all subsequent 
experiments, care was taken to observe these precautions in the waveguide 
test sections. 

4*26. Effect of Duration and Repetition Rate of Pulses.—An investi¬ 
gation of breakdown phenomena at microwave frequencies is complicated 
by the necessity of using short pulses of r-f power. The use of short 
pulses in such investigations is required both by the fact that pulses are 
commonly used in microwave applications apd also by the fact that it is 
in this way that the extremely high electric fields desired may best be 
produced. 


It is to be expected that the fields required to produce breakdown 
within the short time interval represented by the pulse would exceed 
those corresponding to continuous 2Q 

wave conditions. It has been ob- -g ^ I d l 17 ^ I 

served that the delay between the § 15--X=3.2 cm -j— 

time of application of a d-c voltage <5 I "-^^1 Co* used 

and the resulting breakdown is a 1 10 - '"'^ l — 

rather strong function of the “over tT , a ~— - i 3 ® 

voltage.” That is, a rather long J 

time will be required for the forma- 5l--1-—I-1— Q r*- 

tion of a spark if the voltage is just 0 5 07 pSse wfdtt rln ? sec 4 5 

sufficient to cause breakdown, Fig. 4-89.—Dependence of breakdown 

whereas the time becomes increas- power on pulse width, at three different 
. . , . . repetition rates. Average result: P « r -0 - ,s . 

ingly shorter as the voltage is in¬ 
creased above this critical value. This is to be expected since the rate of 
multiplication of ions is increased when the voltage is made greater. 

A careful study of the dependence of breakdown power on the pulse 
width was made, and the resulting data are plotted in Fig. 4-89. From 
the average of the slopes of the three lines of Fig. 4*89, the empirical 
relation P « r -0 - 23 j s obtained. Other data have been taken which 
indicate a considerably stronger dependence on pulse length, and there 
are indications that under some conditions the data are better represented 
by P « r~ 0 - 8 . It is suggested that P « T ~^ represents a rather good 
approximation under average conditions. 

The method of measuring the pulse power in taking the data of Fig. 


0.5 0.7 1.0 15 2 3 4 5 

Pulse width T in n sec 

Fig. 4*89.—Dependence of breakdown 
power on pulse width, at three different 
repetition rates. Average result: P ec T ~°- ,s . 
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4*89 deserves mention, since it is entirely different from that usually 
employed. The magnetron current was passed throiigh a noninductive 
1 -ohm resistor, and the voltage drop across the resistor was applied to 
the vertically deflecting plates of the synchroscope. If the performance 
chart of the 4J63 magnetron used is consulted, it will be found that the 
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Fig. 4-90.— Dependence of breakdown power on repetition rate. Average result: 
p CC „ r -0-13. 


efficiency of the tube does not vary appreciably over the range of currents 
used. The voltage applied to the input terminals of the magnetron 
is almost constant over the same range of currents; consequently, the 
magnitude of the current is closely proportional to the power supplied 
to the tube and, by virtue of the constancy of efficiency, to the r-f power 
delivered by the tube. The power scale of Fig. 4-89 represents the height 
of the deflection on the synchroscope, which is proportional to the current 
through the magnetron. 

This method of measurement of pulse power was especially needed 


for the single pulse breakdown work, denoted by v r = 0. The method 



Fig. 4-91.—Dependence of breakdown 


also is advantageous for general 
use since the measurement of pulse 
power is not dependent on the ac¬ 
curacy of measuring pulse length 
and repetition rate. 

In contrast to the expecta¬ 
tion that the breakdown power 
would depend strongly on pulse 


power on pulse length at constant duty 
factor. Average result: P « /(mt)t -0 - 34 . 


length, it is hardly to be ex¬ 
pected on theoretical grounds 


that any appreciable dependence on repetition rate should be observed. 
The shortest interval between pulses, about 500 Msec for v r — 2000 
per second, is so long that the ionization held over from one pulse to 
the next would be expected not to be very important. Nevertheless, a 
very definite dependence is observed as indicated by Fig. 4-90. The data 
plotted represent averages for a number of different conditions in which 
r, d, and X are varied. The effect may be represented empirically as P 

cc j/^-0.13 or simply p CC JTT^. 
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Since the dependence of breakdown power on pulse length is stronger 
than its dependence on repetition rate, it is to be expected that breakdown 
power will increase with decreasing pulse length if the product r X v r , 
sometimes called the “duty factor,” is kept constant. Figure 4*91 
illustrates this. Combining the empirical relations suggested above, one 
would expect to obtain 

P oc t-w v-u 

CC (v r T)-* T -X. 

The slope of Fig. 4*91 corresponds to a somewhat stronger dependence 
on pulse length but is in qualitative agreement with expectations. 

4*26. Effect of Pressure, Gap, and Wavelength.—In d-c measure¬ 
ments on breakdown the two variables ordinarily considered are pressure 
and gap. A third, which is inevitable in a-c work, is that of frequency 



Fig. 4*92.—Relation between breakdown field strength and pressure for the gap 
heights, and wavelengths indicated on curves. The meaning of the symbols on the curves 
is given in Table 4-12. 

or wavelength, and the additional parameters, pulse length and repetition 
rate, enter whenever pulsed operation is considered. Now that the 
effect of these latter parameters has been described, the study of the 
dependence of breakdown fields on pressure, gap, and wavelength, 
keeping fixed the parameters associated with the pulse, is to be considered. 

The data to be presented in connection with this study were taken at 
wavelengths of 1.25 and 3.20 cm. The gaps used at the shorter wave¬ 
length were 6, 16, 36, and 59 mils and, at the longer wavelength, 6, 17, 
and 38 mils. In all cases the pulse length was 0.25 /xsec, the repetition 
rate 500 per second; and the radioactive-cobalt capsule was used. The 
data are presented in a number of different ways in Figs. 4*92 through 
4-96. 
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p (mm Hg) 


Fig. 4-93.—Data of Fig. 4-92 plotted with E/p against p. 



pd (mm Hg x cm) 

Fig. 4-94.—Data of Fig. 4-92 plotted with E/p against pd. 



pd \(mm Hg-cm x cm) 

4.96.—Data of Fig. 4-92 plotted with E/p against pd\. 
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In all cases it was found that for pressures of about one-half to one 
atmosphere, the electric field at breakdown was essentially the same for 
all gaps and for both wavelengths, as illustrated by Fig. 4-92. In addi¬ 
tion, the electric field became more or less proportional to the pressure 
at these high pressures. This fact is demonstrated graphically in Fig. 
4-93 where the ratio E/p is plotted as the ordinate and the constancy of 
this ratio at high pressures indicates linearity of the relationship. 

In d-c work it is found that the product pd of the two variables, 
pressure and gap width, is a significant quantity. A relation known 
as Paschen’s law is verified both experimentally and theoretically in 
the case of d-c breakdown. One formulation of the law states that 
the breakdown voltage Ed is a function of the product pd, and when the 
breakdown voltage is plotted against pd a unique curve results. The 
law ma - be stated in several other forms but is not to be misinterpreted 
as asserting that breakdown voltage is proportional to pd. An alterna¬ 
tive formulation of the law, easily derived from that just given, is that 
E/p is a function of pd. It has been shown, 1 providing certain assump¬ 
tions are made regarding the processes involved in the discharge and 
certain restrictions imposed on the values of «, p, and d, that E/p should 
be a function of pd in high-frequency discharges. In order to see whether 
or not Paschen’s law has significance for these microwave breakdown 
data, the quantity E/p is replotted against pd in Fig. 4-94. For the 
higher values of pd, it appears that all the curves approach constancy 
of E/p and the value approached seems to be about the same as the d-c 
figure of 40. The agreement with the d-c value is probably fortuitous 
since there are several complicating factors in the microwave data. 
Chief among these factors are the tendency of the Co* to cause a reduc¬ 
tion in breakdown field and the counterbalancing tendency of short 
pulses tending to raise the breakdown fields. It can hardly be said that 
the Paschen plot Fig. 4-94 represents an appreciable improvement on 
the simple pressure plot of Fig. 4-93, except at the higher values of pd. 

A general principle of similarity for a-c discharges has been pointed 
out by Margenau. 2 The principle is strictly valid only for steady-state 
discharges in which the a-c field is continuously applied and in which the 
effect of metal walls is negligible, as it is in the so-called “electrodeless” 
discharge. Within these limitations the principle states that no changes 
in the properties of the discharge should occur so long as the ratios E/p 
and u/p are both constant, provided that the changed conditions do not 
activate additional sources of ionization or destroy active ones. While 

1 T. Holstein, “Initiation of High Frequency Gas Discharges,” Phys. Rev., 69, 50-51 
(Jan. 1 and 15, 1946). 

* Henry Margenau, “Theory of Alternating Current Discharges in Gases,” RL 
Report No. 967, Jan. 10, 1946. 
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the present experiments do not fulfill the requirements on which this 
principle is based, it was felt that its application might lead to some 
improvement in presentation. Acc ordingly, the data on E/p were plotted 
against pX, a quantity proportional to the reciprocal of w/p, with the 
result shown in Fig. 4-95. It may be seen that the data at the two wave¬ 
lengths for a given gap dimension are brought into fairly good agreement 
by a plot of this type. This correlation is encouraging, and it would be 
desirable to check it by performing further experiments. Two additional 
curves, K16 and X17, which were omitted in the previous graphs to 
avoid confusing them, are included in order to give added evidence of the 
correlation indicated. 

In an attempt to obtain a better correlation between the various gap 
widths of Fig. 4 95, the gap width d was introduced as a multiplying 
factor in the abscissa, with the result shown in Fig. 4-96. With the 
exception of the 6-mil curves, a considerable improvement in the presenta¬ 
tion results. If instead of the multiplier d its square root is introduced, 
the 6-mil curves are in better agreement with the others, while the 
59-mil curve is then detached from the others. While the plot of Fig. 
4-96 is not so good as one might hope to obtain, it seems to represent one 
of the most significant ways of presenting the data. The justification 
for such a plot is largely empirical, although it may be argued that if X is 
kept constant it makes E/p a function of pd, as suggested by Holstein, 
and if d is kept constant it makes E/p a function of pX, as suggested by 
Margenau. 

4*27. Summary and Discussion of Breakdown Results.—The data 
discussed in the preceding sections lead to some very definite conclusions 
but certain inconsistencies in the data presented indicate the desirability 
of obtaining additional data. Certain changes in experimental technique 
and the desirability of investigating effects not definitely established are 
also suggested by a survey of the data. Both a r6sum6 of these results 
and recommendations in regard to future experiments arc presented in 
this section. 

1. The repeatability of the data was definitely improved by the 
use of radioactive cobalt, but the breakdown power was decreased 
by a rather large factor, and this factor appeared to be dependent 
on such parameters as pressure and gap. It is suggested that 
the use of an ionizing agent such as ultraviolet illumination that 
would produce a more continuous supply of low-energy electrons 
would be preferable. The fact that the Co* ionizes in large 
bursts at irregular intervals may be undesirable when the electrical 
field is applied in pulses. 

2 . The data indicate that humidity is rather unimportant. The 
fact that no more than 5 per cent difference occurred between 
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breakdown powers with “wet” and “dry” air was definitely 
indicated. 

3. The effect of sharp comers was found to be very large. This 
emphasizes the desirability of removing machining burrs and 
of rounding sharp corners. 

4. It was definitely shown that breakdown power increases as the 
pulse length is reduced. While certain quantitative variations 
were observed from one set of data to another, an average of all 
the data indicates the empirical relation P « t - ^. An investiga¬ 
tion of the factors that cause the discrepancy between different 
sets of data might be profitable. 

5. The breakdown power was found to decrease, as the repetition 
rate was raised. The empirical relation indicated was P « 

6 . When the product v r r, frequently referred to as the “duty factor,” 
is kept constant, the effect of pulse length predominates. Com¬ 
bining the two empirical relations discussed under Paragraphs 
(4) and (5) gives 

P cc („ rT )-*r-*. 

More data are needed to verify this relation. 

7. At higher pressures, namely, above about one-half atmosphere, 
all data tend to show that the electric field E is proportional to 
the pressure p; that is, E/p is approximately constant. 

8 . For a given value of pulse length t and repetition rate v r , there 
appears to be good evidence to support the relation 


E 

V 




Fig. 4-97.—Altitude at which air density equals that at the indicated pressure and 
temperature. 
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9. There is less definite indication that the relation E/p = f(pd) 
is valid; however, a combination in which E/p is plotted against 
\pd represents the data fairly well. 

10. A summary of the above empirical relations will tend to indicate 
that for values of \pd (cm X mm Hg X cm) exceeding about 50, 
the following empirical relation is fairly good: 

— = 42t~^v~ V i6 , 

p 

where t is in microseconds, v r is in thousands of pulses per second, 
E is in volts per centimeter, and p is in millimeters of mercury. 

11. The dependence of breakdown field strength or power on altitude 
may be determined by using these results in conjunction with 
Fig. 4-97. 




CHAPTER 5 

FLEXIBLE COUPLING UNITS AND LINES 


By F. E. Ehlers and F. T. Worrell 

Although the transmission of power at microwave frequencies is 
most effectively accomplished by means of rigid coaxial lines or wave¬ 
guides, certain applications demand the use of flexible units. Such 
units are necessary when allowance must be made for the relative motion 
of two components, either because of vibration, or because such motion 
is an essential part of the function of the device. Flexible coupling units 
fall naturally into two classes: those employing coaxial lines, and those 
in which waveguide techniques are used. 

FLEXIBLE COAXIAL CABLES 
By F. E. Ehlers 

Two types of coaxial cables have been used for r-f transmission: 
beaded cables and solid dielectric cables. A beaded cable is made by 
slipping “fish spine” beads over a copper wire used as a center conductor, 
and braiding a wire shield over the beads as an outer conductor. The 
construction is shown in Fig. 5*1. This type of cable has been largely 
replaced by the solid dielectric cable which is made by extruding a dielec¬ 
tric (usually polyethylene) over a conductor, either solid or stranded, 
and by braiding a shield over the dielectric. On some cables two braids 
are used in order to obtain better shielding. Over the outer braid, a 
jacket, usually of some vinylite plastic, is either extruded or tubed. For 
naval installations, in addition to the plastic jacket sometimes a steel 
braided armor is woven over the cable. Solid dielectric cables are much 
more rugged than the beaded cables since polystyrene beads, being 
brittle, are easily broken, and thereby introduce losses by reflection and 
possible short-circuiting of the cable. 

For the purpose of facilitating the production of r-f cables, rigid lines, 
and connectors for radio and radar equipments for the Army and Navy, 
a joint Army-Navy R-f Cable Coordinating Committee has been set up 
with headquarters in Washington, D. C. This committee, with the aid 
of the services, laboratories, and manufacturers, has determined standards 
for rigid lines, coaxial cables, connectors, and adapters. A numbering 
system to facilitate the description and ordering of transmission lines 
and fittings has also been established. For r-f transmission lines, the 
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number system RG-/U was designated. This includes flexible cables, 
rigid coaxial lines, and waveguides. The UG-/U numbering system was 
assigned to connectors and adapters used with these transmission lines. 
These systems may be remembered more easily by means of the following 
interpretation: “RG” means “radio guide,” and “UG” means “union 
guide.” The final “U” means “universal.” As this committee is a 



Fig. 5*1. — Construction of beaded and Bolid-core cables, showing braid, core, center 
conductor, and jacket. 

wartime agency, it will soon cease to function; but a new committee will 
be formed to carry on a similar work for the postwar period. 

The Army-Navy R-f Cable Coordinating Committee has from time to 
time published specifications of all cables, lines, and fittings recommended 
for Army and Navy equipment. These particulars were not meant to 
be restrictive in any way, and when improvements were made they were 
described in detail. The latest specifications on coaxial cables are those 
of JAN-C-17 which were publshed July 31, 1945. A complete index 
of r-f transmission lines and fittings was published by the same committee 
on June 15, 1945. Some of the material in this chapter is taken from 
these two publications. Although the present discussion is not intended 
to be exhaustive, it covers rather completely the cables, connectors, and 
adapters that are suitable for microwave frequencies. The discussion is 
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limited to flexible cables having a nominal characteristic impedance of 
52 ohms since such cables match approximately the rigid lines used at 
microwave frequencies. With the tolerances that cable manufacturers 
can now hold, the characteristic impedance of these cables is within + 2 
ohms of this nominal value. 

5*1. Attenuation in Flexible Cables.—The attenuation in a flexible 
coaxial cable is made up of two kinds of losses: series losses in the center 
and outer conductors, and shunt losses in the dielectric. The series 
losses are proportional to the square root of the frequency and may be 
calculated from the following formula 1 for the series attenuation A s in 
decibels per meter: 

4 27.37 1 (VpcKc , V7oK 0 \ 

+ / (1) 

Here, Zo equals the characteristic impedance of the cable; p c and p a 
are the resistivities of the center and outer conductors, respectively; 
and K c and Ko are the factors of attenuation of the stranded and braided 
conductors as compared with that of perfect cylinders of the same 
material. 

Shunt losses are caused by the conductivity of the insulating material. 
The dielectric constant of an imperfect dielectric may be expressed as a 
complex quantity, the imaginary component designating the conducting 
or dissipating property of the material. For example, a lossless coaxial 
line may be said to have a shunt capacitive susceptance per unit length, 
which will be called juck e , where to is the angular frequency, c is the capac¬ 
ity per unit length with air as the dielectric, and k e is the relative dielectric 
constant of the insulator. If we substitute an imperfect dielectric so 
that k e = k' e — jk'J, we have the following shunt admittances: 

j<ac(k' e — jk'J) = jo}ck' e + o}ck'J = g + jtoc. 

From the above equation it can be seen that uck'J is the shunt conductance 
of a coaxial line and is directly proportional to frequency. The power 
factor for a low-loss dielectric is well approximated by the formula 



For polyethylene, which is used in all cables at microwave frequencies, 
the power factor is about 0.0004. The shunt losses A p of a coaxial line 
may be calculated from the equation 

A p = 0.091 X 10- 6 VKPv db/m. (2) 

An examination of Eqs. (1) and (2) reveals that shunt losses are inde- 
1 J. C. Slater, Microwave Transmission, McGraw-Hill, New York, 1942, p. 162; 
Vol. 8, Sec. 2-19, Radiation Laboratory Series. 
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pendent of the size of the cable but that the series losses in each conductor 
are inversely proportional to its radius. 

To illustrate the effect on the attenuation of braid, as compared with 
the attenuation of a solid cylindrical conductor of the same metal, let 
us take the RG-14/U cable which has the following characteristics: 

a = 0.101 in. = 0.00258 m total attenuation = 0.14 db/ft 

b = 0.370 in. = 0.00940 m h' e = 2.25 

p = 1.724 X 10 -8 ohm-meters Z 0 = 52 ohms 

for copper P = 0.0004 

X — 10 cm = 0.1 m 

From Eq. (2), the attenuation caused by the polyethylene dielectric is 
0.05 db/ft. Substituting proper values in the first term of Eq. (1), after 
letting K c = 1 since the conductor is not stranded, gives 0.052 db/ft 
for the loss in the center conductor and hence leaves another 0.038 db/ft 
for the attenuation of the braid. Assuming a perfect cylinder of copper, 
from Eq. (1), we calculate the loss in the outer conductor and obtain a 
value of 0.014 db/ft. Thus the “braid factor” is 

0.014= 0.038, 

K b = 2.7. 

Nominal values for well-woven braids vary from 2.5 to 3. 

A brief explanation of braid construction will serve to point out some 
of the aspects of the design of flexible cables for a minimum braid factor. 
The first step in the design of a braid is the choice of the wire that will 
produce a braid rugged enough to minimize the contact resistance between 
individual wires. A number of thin wires are combined to form a carrier 
that we might compare to a single flat reed in a woven basket; a number 
of these carriers are woven in and out to form the braid. Around 99 
per cent coverage is required for a braided conductor in order to avoid 
excessive loss by radiation and to ensure proper shielding. This coverage 
is determined by the number of ends per carrier, the number of carriers, 
and the number of “picks” per inch which make up the braid. The 
number of picks per inch is the number of times that a single carrier 
crosses over or under another carrier in an inch of cable. Another term 
applied to this characteristic of the braid is the word “lay”; this is 
the length of cable required for the carrier to make one complete revolu¬ 
tion around it. Since the currents in a coaxial conductor are always in 
the direction of propagation, a braid having a long lay will have less 
attenuation than one having a short lay since less energy is dissipated 
in contact resistance. Mechanical considerations, however, limit the 
lay of the braid, and greater stability with flexing can be attained with a 
shorter lay. The tightness with which the braid is woven is also impor- 
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tant in eliminating instability under flexing and in decreasing the contact 
resistance between braid wires. It is also important that the individual 
braid wires should not be embedded in the dielectric and that jacketing 
material should not penetrate between them. 

6-2. Jacketing Materials.—The two jacketing materials most widely 
used on flexible cables are regular vinyl and noncontaminating vinyl. 
The development of the noncontaminating type was undertaken because 
the plasticizer from the old type of vinyl jacket leached out, was absorbed 
in the polyethylene, and increased the power factor. The use of cables 
with the new type of jacket is especially important where the cables 
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Fig. 6-2.—Contamination of polyethylene by vinyl jacket. The attenuations were 
measured at room temperature, X = 10 cm. The first 9 days of heating were at 68°C. 


will be subjected to high temperatures. Figure 5-2 gives a comparison 
of attenuation, as a function of the number of days at a temperature of 
92°C, 1 of two samples of RG-9/U cable, one having the old vinyl jacket 
and the other, the new noncontaminating vinyl jacket. After 200 days, 
the total attenuation of the cable with the regular vinyl jacket had 
increased by a factor of almost 4 whereas the attenuation of the cable 
with the noncontaminating vinyl jacket had increased only 0.01 db/ft 
or about 6 per cent. 

An examination of the copper braids of both cables indicated con¬ 
siderable tarnishing and corrosion and the formation of a coating of green 
waxy material. Although the plasticizer from the new jacket attacked 
the copper more vigorously than did the old material, its effect on the 
dielectric power factor was considerably smaller. 

Both types of jacketing materials are flexible within the temperature 
range from —25° to +90°C but are, of course, stiffer at the lower tem¬ 
peratures. For temperatures below — 25°C, however, the jacket is very 
brittle and is likely to crack if the cable is bent. The regular vinyl 
jacket is slightly more flexible than the noncontaminating vinyl jacket at 

1 G. J. Schaible, "S-band Attenuation and Capacity Stability of RG-9/U Cable,” 
BTL Report No. GJS-3710, June 1945. 
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temperatures lower than — 25°C; it reaches a brittle state at about 
—35°C 

These jackets are thermoplastic; that is, they may be deformed or 
softened by excessive heat or pressure. In general, they can be cut easily 
but do not tear readily; they also have good abrasion resistance. These 
materials have practically no permeability to gasoline or water. 

6-3. Cables for Low-power Levels.—For low-power levels, the three 
cables most frequently used at microwave frequencies are the types 
RG-9/U, RG-21/U, and the RG-5/U. The RG-9/U cable is a double- 
braided cable containing a polyethylene dielectric core with a stranded 



Fig. 5-3.—Variation of attenuation with temperature for an RG-9/U cable. The 
ordinates are the change in attenuation from the value at 20°C. X = 10 cm. Circles, 
temperature increasing; triangles, temperature decreasing. 


center conductor that is made of seven strands of 21 AWG silver-clad 
wire. The inner braid is made of silver-clad copper in order to obtain 
lower contact resistance between the wires at high frequencies than would 
be attained with the use of pure copper. The diameter over the dielectric 
is 0.285 in.; and the total diameter over the jacket, which is the non¬ 
contaminating type, is about 0.440 in. 

The attenuation of this cable at a wavelength of 10 cm is about 0.16 
db/ft, and there is little or no variation of attenuation with flexing or 
with changes in temperature. Some recent measurements have been 
made at Bell Telephone Laboratories on the effect of heat on the attenua¬ 
tion of RG-9/U cable at 10 cm, between 20° and 94°C. A maximum 
increase of 6 per cent in the attenuation occurred at 60°C during the 
period of increasing temperature (see Fig. 5-3). However, during the 
cooling period a maximum increase of 9 per cent occurred at the same 
temperature. This represents a maximum deviation of about 0.014 
db/ft from the 20°C value and agrees very closely with results on a similar 
type of cable obtained some time ago at the Radiation Laboratory. 
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The stability of transmission for wavelengths smaller than 3.53 cm, 
however, is much worse. Variations of about 0.4 db in the r-f trans¬ 
mission through the cable were encountered by flexing a 20-ft length; 
the measured attenuation of long lengths of cable varied as much as 
0.02 db/ft depending on how tightly they were coiled. In the tempera¬ 
ture range of —40° to +70°C, at a wavelength of 3.30 cm, the attenuation 
varied erratically between 0.30 and 0.40 db/ft (see Fig. 5-4). 

Each successive heating cycle caused a permanent increase of about 
0.01 db/ft in the attenuation until, after about nine cycles of heating 
to a temperature of 60°C or more and cooling to room temperature, the 



attenuation stabilized near 0.40 db/ft. This random variation of 
attenuation with temperature cycling is undoubtedly caused by the 
expanding polyethylene disturbing the contacts between the braid wires. 
To lessen this variation, or possibly to eliminate it entirely, a new cable, 
which is designated as RG-9A/U, has been designed with the silver 
inner braid having a shorter lay to give better stability. This special 
high-frequency cable will have slightly larger attenuation because of 
the shorter lay. 

Measurements of the frequency sensitivity of the attenuation of 
RG-9/U cable have been made in the wavelength range from 3.15 to 
3.55 cm. Because of the effect of flexing upon the attenuation, the cable 
was fastened to a board while the attenuation was measured, to ensure 
reproducible results. Over this wavelength range, the attenuation 
varied from 0.303 db/ft at 3.55 cm to 0.341 db/ft at 3.162 cm, a variation 
of about 12 per cent. The results are shown in Fig. 5*5. 

The RG-21/U cable is an attenuating cable that is used when one 
piece of equipment must be isolated from another to eliminate interaction 
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between them; it is used, too, when a given amount of attenuation is 
needed to decrease the sensitivity of some piece of test equipment. 
This cable, like the RG-9/U cable, has a double braid: an inner one 
of silver-clad copper and an outer one of copper with a noncontaminat¬ 
ing vinyl jacket. In order to achieve the desired attenuation, a high- 
resistance No. 16 AWG Nichrome center wire is used. As most of the 



Fig. 6 -6.—Attenuation of RG-9/U cable vs. wavelength. 

dissipation is in the center conductor, the attenuation in decibels is 
nearly proportional to the square root of the frequency. This cable 
was designed to replace the RG-38/U cable which uses “lossy” rubber 
dielectric with a power factor of about 0.006 as the dissipating element. 
In the RG-38/U cable, the attenuation is nearly proportional to fre- 



Fig. 5-6.—Attenuation of RG-21/U cable vs. temperature at 10-cm wavelength. 

quency, and in addition the power factor of the rubber has a high tem¬ 
perature coefficient, about 0.008 db/ft per °C. The RG-21/U cable was 
developed to have a low temperature coefficient of attenuation. From 
—40° to +60°C the attenuation at a wavelength of 10 cm has a maximum 
value of 0.84 db/ft at +10°C; and it decreases to 0.82 db/ft at each end 
of the temperature range, a total change of only 2.5 per cent (see Fig. 
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5-6). In the wavelength range from 8.6 to 12.6 cm, the attenuation 
varies from 0.74 to 0.90 db/ft as shown in Fig. 5-7. 

Like the RG-9/U cable, the RG-21/U cable has a very good stability 
of transmission with flexing and temperature cycling, in the region from 



Fig. 5-7.—Attenuation of RG-21/U cable vs. wavelength (10-cm band). 


8 to 12 cm. However, at wavelengths of 3.53 cm and below, bending 
and flexing cause considerable variation. When a cable carrying r-f 
power at these high frequencies is bent or flexed, the attenuation increases, 
and several minutes are required for the transmission to return to the 


original level. Since most of the 
loss is in the center conductor, the 
effect of temperature on attenu¬ 
ation is less than in the RG-9/U 
cable and is in the opposite direc¬ 
tion; that is, the attenuation 
decreases with increasing temper¬ 
atures, as does the resistivity of 
Nichrome. Over the range from 
—46° to +61°C, the attenuation 



Wavelength in cm 

Fig. 5-8.—Attenuation of RG-21/U cable vs. 
wavelength (3-cm band). 


varies from 1.68 to 1.56 db/ft. The variation is illustrated in Fig. 5-9. 


Over the wavelength range from 3.13 to 3.53 cm, the attenuation varies 
from 1.70 to 1.52 db/ft, as shown in Fig. 5-8. 

The RG-5/U cable is the same size as the RG-21/U cable. Instead 
of the Nichrome wire, No. 16 copper wire is used as the center conductor. 
The shield consists of two copper braids, and the jacket is a regular vinyl 
jacket instead of the noncontaminating type. This cable has not had 
as widespread usage for microwaves as the RG-9/U cable since there is 
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little gain in flexibility and the electrical properties are not so good. 
The attenuation of RG-5/U cable at 10 cm is about 0.22 db/ft. It has 
been used principally for a flexible coupling from Sperry Klystrons since 



Fig. 5-9.—Attenuation of RG-21/U cable vs. temperature (3-cm band). 


the SKL fittings used on these Klystrons will fit the RG-5/U cable but 
not the RG-9/U. These SKL fittings are shown in Figs. 5-37 and 5-38 
at the end of Sec. 5T1. 

6*4. High-power Cables.—For high-power transmission, there are 
two cables that have been most widely used. These are the RG-14/U 

cable, its armored equivalent 
RG-74/U, and the RG-17/U cable 
with its armored equivalent 
RG-18/U. The RG-14/U cable 
has a polyethylene dielectric core 
of 0.375 in. diameter, with a No. 
10 AWG copper wire for the center 
conductor. There are two copper 
braids over the core covered by a 
noncontaminating vinyl jacket. 
The resulting over-all diameter is 
about 0.550 in. The attenuation 
of this cable at 10 cm is 0.14 db/ft. 
Since the diameter is slightly 
larger than that of the RG-9/U 
cable, the series conductor losses 
and therefore the total attenua¬ 
tion are somewhat less. 

The RG-17/U cable has a 
polyethylene core which has a 
0.680 in. diameter and contains a 
center conductor of copper rod or 



Fig. 5-10. —Average power transmitted 
by cables of various sizes. RG-/U numbers 
on curves refer to Table 5-5. 


tubing of 0.188 in. diameter. A single copper shield is braided over the 
core, and a noncontaminating jacket of 0.760 in. diameter is tubed or 
extruded over the braid. The attenuation is 0.096 db/ft at a wavelength 
of 5.00 cm where the cable begins to transmit the TF-mode. 
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The power breakdown for the dielectric-filled cables is of two kinds: 
thermal breakdown, and voltage breakdown. Thermal breakdown 
occurs when the dielectric softens because of the heating under high 
average power and allows the center conductor to move with respect to 
the outer conductor. Voltage breakdown occurs when the r-f voltage 
exceeds the dielectric strength of the insulation. Figure 5-10 shows a 
graph giving the average power rating of the cables of various sizes, includ¬ 
ing the RG-14/U and RG-17/U cables. These curves are calculated 
on the basis of a center-conductor temperature of 175°F and an ambient 
temperature of 104°F. As the frequency of the r-f current is increased, 
the power rating of the cable is decreased. This is because the amount 
of heat to be dissipated per unit length increases with the attenuation. 

The RG-14/U cable has been tested under pulsed r-f power, at a 
wavelength of 10 cm, with a 1-jusec pulse and a repetition rate of 1000 
pps. True voltage breakdown was not attained in this way, but just 
above a pulse power of 300 kw failures usually occurred in the r-f con¬ 
nectors. This cable certainly should not be run at peak powers greater 
than 300 kw at microwave frequencies, although the maximum operating 
voltage as recommended by the Army-Navy R-f Cable Coordinating 
Committee is 5500 volts rms, which corresponds approximately to 500 
kw pulse. This pulse power rating, of course, is limited by the amount of 
average power which the cable will transmit safely. 

The RG-17/U cable was run for an hour at 1.2 Mw pulse power with a 
duty ratio of 1/1000 without any noticeable change. The voltage rating 
on this cable is 11,000 volts rms. 

6-6. Resonances in Coaxial Cables.—Some flexible coaxial cables 
have been found to exhibit bad resonances at certain frequencies. These 
resonances are caused by certain periodic variations in the characteristic 
impedance of the cable which result from the periodic fluctuations of 
the diameter of the dielectric, the centering of the center conductor, or the 
ellipticity of the core. These resonances are characterized by a rapid 
change, with wavelength, in the standing-wave ratio looking into the 
cable and by an increase in the attenuation. They have been observed, 
at the Radiation Laboratory, in the RG-8/U and RG-9/U cables in the 
region of wavelengths from 8 to 10 cm. The standing-wave ratio changed 
from 1.1 to about 2 in voltage and dropped back to 1.1 in about 0.3 
per cent change in wavelength, or in about 10 Mc/sec. At the resonance 
frequency, the transmission decreased by about 20 to 50 per cent of the 
transmission off resonance. In six samples, resonances were found at 
8.4, 9.2, 9.4 cm (see Fig. 5*11). It is apparent that these resonances are 
caused by periodic variations because, if a cable that resonates is cut in 
half, each half will resonate at the same frequency as the original length. 

The Naval Research Laboratory has reported finding resonances in 
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the RG-17/U, the RG-18/U, and the RG-9/U cables in the wavelength 
range from 46 to 22 cm. Nearly all the samples tested exhibited reson¬ 
ances with maximum voltage standing-wave ratios varying from 1.4 
to 8. Measurements on the diameters revealed a definite periodicity 
(see Fig. 5-12). Cables in which abrupt changes occurred in the diameter 
showed much higher standing-wave ratios at resonance. One cable 
sample in which the resonance was small did not have very abrupt changes 
in the diameter but had a more gradual periodic variation. From the 
standpoint of transmission-line theory, gradual changes, even if periodic 
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Fig. 5*11. —Resonances in RG-9/U cable. 


would cause little reflection. However, abrupt discontinuities that are 
repeated periodically will add up to a very large mismatch at the input 
end of a long cable at those frequencies for which these abrupt dis¬ 
continuities are spaced by an integral number of half cycles. 

The RG-8, 9, 17, 18/U cables are the only cables that have been 
tested for resonances, but it is presumed that, since the extrusion is done 
in a similar way for other types of cables, they too may exhibit resonance 
effects. In very short lengths of cable, the effect of resonance is less 
noticeable; but in long lengths, the standing-wave ratio may become very 
high. As refinements are made in the techniques of manufacture these 
resonances may be eliminated or considerably lessened. 

6 *6. Flexibility and Durability of Coaxial Cables.—Tests of the 
flexibility and durability of coaxial cables are inadequate, but some 
results on the RG-14/U cable will give an indication of what may be 
expected of a cable under flexing. Table 5*1 gives the results and a 
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description of tests on three samples of RG-14/U cable flexed at the rate 
of 90 cycles per minute. 




Distance along cable in feet 

Fig. 5-12.—Periodicity in core diameter of RG-17/U cable. 


Table 5-1.— Effects of Repeated Flexing of Coaxial Cables 


Sample 

No. 

Description 
of tests 

Time 

flexed 

Number of 
flexings 

Condition after flexing 

1 

From straight to a 
3i-in. radius 

2 hr 

1080 

Ragged copper braid, broken 
center conductor, dielectric 
and jacket unharmed. 

2 

From straight to a 
5-in. radius 

12 hr, 18 min 

71,820 

Inner braid slightly dis¬ 
turbed, center conductor 
broken, dielectric and jacket 
unharmed. 

3 

From straight to 
6-in. radius 

25 hr, 37 min 

138,330 

Center conductor broken in 
three places. Braid, dielec¬ 
tric, and jacket unharmed. 


These cables are early samples of RG-14/U and contain a center 
conductor of copper-weld wire, which is copper drawn over a steel center 
core. With this construction, the wire is brittle and inclined to break 
from metal fatigue under flexing. The present RG-14/U cable uses solid 
copper wire, and therefore, under the same conditions, will probably 
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last longer than the samples described above. The RG-9/U cable is 
much more flexible than the RG-14/U. A 4-oz force is required to 
bend a straight 1-ft length of RG-9/U cable to a radius of curvature of 
about 8 in., whereas a 10-oz force is required to bend a straight 1-ft 
length of RG-14/U cable to a radius of curvature of about 16 in. In 
permanent installations, the Navy recommends that bends having radii 
of curvature not less than ten times the diameter of the cable be used. 
This certainly ought to be the lowest limit in the radius of curvature of a 
cable under repeated flexing. 



Fig. 5*13a.—Type N connectors, UG-21/U, UG-22/U. 



Fig. 5-13fc.—Type N connectors, UG-21b/U, UG-22b/U. 


5*7. Connectors for Cables for Low Power.—The connector that is 
used most prevalently on low-power cables is the type N. Cross-sec¬ 
tional drawings for two types of N connectors are shown in Figs. 5T3. 
The first type uses a polystyrene bead 0.254 in. long. The second is a 
modification of the polystyrene connectors and uses Teflon, a material 
with a low dielectric constant, for the insulating bead. In this new 
design, an improvement was made in the technique of coupling the 
braid and jacket to the body of the connector. The original type N 
connector, shown in the drawing on the left side of Fig. 5-13, was some¬ 
what unsatisfactory because the cable core worked away from the bead of 
the connector, and the braid was stretched from bending and flexing 
with use. In the new design, shown in the drawing on the right-hand 
side of Fig. 5-13, a rubber washer is compressed by a nut and grips the 
jacket, braid, and cable core to the main body of the connector. In this 
construction, there is less likelihood of the braid stretching to allow 
the dielectric and center conductor to pull away from the connector 
bead. An additional advantage in the new design is the step in the outer 
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conductor of the plug; this step reduces the mismatch caused by a gap 
between the plug pin and jack center contact. This allows an adjust¬ 
ment in the tolerances so that there is always a gap that will prevent the 
spreading of the jack fingers by the shoulder against the plug pin. An 
interim design embodying these mechanical properties, but using poly- 
dichlorostyrene dielectric instead of Teflon, has been made. These three 
types are designated in the following way: the original connector has an 
ordinary UG-/U number; the mechanically improved design with the 



Fig. 5*14.—Theoretical performance of type N connectors. The circles represent the 
improved type with a Teflon bead, the squares the original type with a polystyrene bead. 

polydichlorostyrene dielectric bead is designated by a UG-A/U number; 
the Teflon-dielectric connectors are designated by a UG-B/U number. 
A complete listing of the connectors designed for each cable is found in 
the table at the end of the section on flexible cables. 

Figure 5-14 1 shows a graph of the performance of the type N con¬ 
nectors with the 0.254-in. polystyrene or polydichlorostyrene beads and 
the modified connectors using Teflon dielectric beads. The dielectric 
constant for Teflon is low (2.1) compared with that for polystyrene 
(2.56). This low dielectric constant reduces considerably the mmrimnm 
mismatch that can occur in a pair of connectors because of the shunt 
capacities at the steps that result from the introduction of the beads. 
For the Teflon connectors at a wavelength of 5 cm, the m»,vimnm stand¬ 
ing-wave ratio is 1.2 in voltage whereas the ratio for the polystyrene 

1 The development of Teflon-dielectric connectors was carried out at the Poly¬ 
technic Institute of Brooklyn, under contract from OSRD. The calculations 
embodied in this figure were taken from a progress report of work on this contract. 




258 


FLEXIBLE COUPLING UNITS AND LINES 


connectors is 1.3 at the same wavelength. Most of the improvement in 
match was made in the wavelength range from 3.0 to 3.5 cm. The 
length of the Teflon was made nearly a quarter wavelength at 3.3 cm 
in order to cancel out the shunt capacity of the step in the outer and 
inner conductors which was caused by the introduction of the bead. 
In this way each bead is compensated to be well matched from 3.0 to 
3.5 cm. The two beads are spaced so that the reflections from them 
cancel each other at a wavelength of 9.3 cm. This spacing was made in 
order to have a single connector design that would be good from 8 to 12 



(a) (b) 

Fig. 5-15.—Histogram of voltage standing-wave ratios observed on commercial type N 
connectors; (a) is for RG-9/U cable, ( b ) is for RG-21/U and RG-5/U cables. 

cm as well as from 3.0 to 3.5 cm in wavelength and that ultimately would 
replace the original polystyrene type of connector. 

The curve in Fig. 5-14 indicates only relatively what may be found 
in actual cables and connectors. The plug-and-jack center contacts 
introduce reflections that are erratic and unpredictable. In the 3-cm 
band, the center contacts alone have been found to produce standing- 
wave ratios as high as 1.1 in voltage. For best match, the extreme ends 
of the fingers of the jack center conductor should make contact with the 
plug. Since the characteristic impedance of the cable varies ±4 per 
cent and may not be uniform along the whole length, the magnitude and 
phase of input impedance of the cable may vary over a considerable 
range. Data on voltage standing-wave ratio have been obtained from 
1775 UG-21/U and UG-22/U connectors attached to RG-9/U cables by 
technicians during the last two and a half years at the Radiation Labora¬ 
tory. Seventy-seven per cent of these connectors had a voltage standing- 
wave ratio of 1.15 or less around 10-cm wavelength, and 46 per cent had a 
VSWR of 1.10 or less (see Fig. 5-15). The results on the RG-5/U and 
RG-21/U cables were not so good. Only 23 per cent of the connectors 
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had a VSWR of 1.15 or less, and 61 per cent of the connectors had a 
VSWR between 1.16 and 1.25. Since these cables are smaller than the 
RG-9/U, the shunt reactance at the junction between the cable and the 
connector is greater and undoubtedly causes the higher standing-wave 
ratio. 

In the range of wavelengths from 3.1 to 3.5 cm, the UG-21/U and 
UG-22/U connectors on the RG-9/U cable are badly mismatched. Four 
pairs of connectors were tested with the following average results: 


Wavelength. 3.1 cm 3.3 cm 3.5 cm 

VSWR. 1.58 1.32 1.25 


This cable connector has been used at these frequencies but only in 
conjunction with a transition from coaxial line to waveguide, or in some 
r-f component for which the connector mismatch has been compensated 
in the design. Results for the Teflon-dielectric connector in the 3-cm 
wavelength range are somewhat comparable to those for the polystyrene 
connectors for RG-9/U cable at 10 cm. The following are data taken at 
the Polytechnic Institute of Brooklyn. 


Table 5-2.—Teflon Connectors 


Number of pairs 
tested 

Average VSWR 

3.1 cm 

3.3 cm 

3.5 cm 

14 

1.12 

1.18 

1.10 

12 

1.13 

1.13 

1.11 

5 

1.11 

1.06 

1.08 

6 

1.07 

1.15 

1.11 

Average. 

1.11 

1.10 

1.10 


9 cm 

10 cm 

11 cm 

14 

1.09 

1.10 

1.13 

12 

1.13 

1.12 

1.14 

5 

1.07 

1.06 

1.06 

Average. 

1.10 

1.10 

1.12 


Type N Adapters .—Since type N connectors are very widely used, a 
series of adapters has been designed. These include not only couplers 
to the various rigid lines but also such adapters as shunt T’s and pres¬ 
surizing fittings. In Table 5-3, these adapters are listed, information 
concerning the match at wavelengths of 3.2 and 10 cm being given where 
it is known. Figures 5-16 give cross-sectional sketches of some of these 
adapters. 
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6-8. HN Connectors.—The type HN connectors (UG-59, 60, 61/U) 
have been designed for applications using the RG-8/U cable, which 
require higher voltages than the type N connectors will safely transmit. 
These connectors, which are shown in Figs. 5-17, are designed so that 
the path length in air between the dielectric surfaces is as long as possible. 
This air path is increased by trimming the polyethylene core of the cable 



Fig. 5-16.— Type N adapters; (a) UG- Fig. 5-17.—HN connectors; (a) UG-59A/U, 
30/U; (b) UG-29/U; (c) UG-27A/U, (d) (b) UG-60A/U, (c) UG-61A/U. 

UG-202/U; (e) UG-107/U. 


in the shape of a cone which fits into the polystyrene bead. The tool 
required for this is like a simple hand pencil sharpener and is designated 
by the Army and Navy number MX-103/U. Also, the bead of the jack 
is cut so that it will fit into the polystyrene bead of the plug. The 
Army-Navy R-f Cable Coordinating Committee rates this connector for 
4000 volts peak at an altitude of 50,000 ft. 

5-9. High-power Connectors to Rigid Lines.—The Army-Navy R-f 
Cable Coordinating Committee has designed a field-assembly connector 
for joining the RG-14/U cable to £-in. stub-supported line. In this cable 
connector, designated UG-207/U, the center contact is forced under the 
dielectric for about £ in. and is soldered to the center wire at the end of 
the dielectric. Thai the cable core is pushed into the polydichlorostyrene 
bead, the outer diameter of which is such that the characteristic imped- 
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ance is 52 ohms (see Fig. 5-18). This feature gives a long path length, 
so that the possibility of breakdown through the air between the cable 
dielectric and the bead is considerably lessened. A butyl-rubber washer 


Table 5-3.— Type N Adapters 


Army-Navy 

number 

Description 

Figure 

Voltage standing-wave 
ratio 



10 cm 

3.2 cm 

UG-30/U 

Adapter from N plug to N plug 
for pressurizing a unit. 

516 

1.10-1.15 

1.20-1.30 

UG-29/U 

Adapter from N plug to N plug, 
not pressurized. 

516 

1.15-1.20 

.* 

UG-27/U 

Right angle, fits between N plug 
and jack. 


1.15-1.25 

.* 

UG-27A/U 

Right angle, fits between N plug 
and jack, better matched than 
UG-27/U. 

516 

1.10-1.15 


UG-202/U 

Right angle from N plug to N 
plug. 

516 


.- - . * 

UG-28/U 

Branched T, coupling to N plugs 
on all arms. 

5-16 

1.5 


UG-107/U 

Branched T, on® branch couples 
to plug; other two to jacks. 

516f 

1.5 



* Appears as very high reactance since braided section propagates coaxial TE-mode. 
t Same except plug on vertical arm. 



is compressed between the two polydichlorostyrene beads in order to 
seal hermetically the line to which the connector is coupled. To reduce 
the possibility of corona in the air gaps, Dow Corning Ignition Sealing 
Compound is applied liberally to the cable core and center contact 
before inserting them into the bead at assembly. 

One bad feature of this connector is that the center contact is not 
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soldered to the center wire of the cable at the end that is forced under 
the dielectric. Should the diameter of the hole in the center contact 
which fits over the cable center wire be large, and should some dielectric 
be forced into it between the center conductor and the center contact, 
at this point a reentrant section of line would be formed in series with the 
main coaxial line. At microwave frequencies, this section could be an 
appreciable part of a wavelength and might therefore introduce con¬ 
siderable reflection. In assembling a connector of this type care must 
be exercised to ensure a good contact at this tip. 

Electrical tests have been made on the UG-207/U connector in which 
290 ft of RG-14/U cable were used as a termination. The following 
results were obtained. 


Table 5-4.— Reflection 
Wavelength, 
centimeters 
9.25 
9.43 
9.60 
9.79 
9.99 
10.16 
10.33 
10.48 


the UG-207/U Connector 
Voltage standing-wave 
ratio 
1.25 
1.11 
1.23 
1.31 
1.15 
1.08 
1.09 
1.14 


FROM 


The Radiation Laboratory design of the connector between RG-14/U 
cable and 1-in. line, Figs. 5T9, 5-20, utilizes a taper from the size of the 
cable to the outer diameter of the 1-in. line. There is a step in the inner 



conductor to compensate for the change in dielectric from polyethylene 
to air and to maintain constant impedance. The dielectric for the taper 
must be extruded into the connectors, and, if a good bond is made to 
the cable dielectric, the connector will stand nearly as much power as 
the cable. The most frequent incidence of breakdown is across the 
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dielectric face of the junction, between the dielectric and the air line. 
The path across this dielectric face may be made longer by a series of 
circular grooves in the dielectric surface. Two such connectors with 
extruded polyethylene dielectric were tested at a wavelength of 10.4 cm 
with a pulse length of 1.04 /nsec and a repetition rate of 500 pps. Break¬ 
down across the dielectric face occurred at 575 kw pulse power for one 
connector and 662 kw pulse power for the other. With a safety factor 
of 2, a connector of this type may be rated at 300 kw pulse power, subject 
of course to the average-power limitation. 

The voltage standing-wave ratio that can be expected to be set up 
by a single connector is between 1.1 and 1.2 for wavelengths greater than 



9 cm. Considerable variation is found among connectors. This is 
undoubtedly caused by differences in the characteristic impedance of the 
cable and in the manner in which the dielectric is extruded. 

In the design of connectors for the microwave region, the maintenance 
of constant impedance throughout is not the only requirement for obtain¬ 
ing a well-matched connector. At these frequencies, abrupt changes in 
the diameter of the line, which are caused by introducing a bead with a 
fairly large dielectric constant, result in a large capacitive susceptance. 
Such a mismatch may be canceled by another susceptance of the same 
value spaced about a quarter wavelength from the first, as explained in 
the preceding chapters in this book. Another method for eliminating 
this capacitive susceptance is to use a short section of high-impedance 
line at the step, as shown in the sketch in Fig. 5-21. The explanation of 
this technique follows. If we assume that Z i is terminated in its charac¬ 
teristic impedance, the capacitive susceptance introduces a mismatch 
shown on the admittance chart by A. If we normalize the admittance 
to the characteristic admittance of the high-impedance line Z 2 , we move 
our admittance to point P. Next, we transform the admittance P 
through a length l of the high-impedance line to point C. Then by 
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normalizing the admittance C to the characteristic admittance of the 
line Z s we arrive at D, and by adding the capacitive susceptance at this 
step, we obtain a perfect match. A modification of the Radiation 
Laboratory design of the connector between RG-14/U cable and |-in. 
line has been made, using this principle for matching the capacity step 
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(see Fig. 5-20). The undercuts were introduced to hold the dielectric 
core and center conductor firmly in place. 

The Army-Navy R-f Cable Coordinating Committee has designed 
for the RG-17/U cable a connector, the UG-154/U, which is suitable for 
field assembly and is shown in Fig. 5-22. This connector utilizes the 



center wire of the cable as the center contact. This center wire fits 
into the center tube of the mating connector and contact is secured by 
slotting and compressing this tube. For low-voltage use (less than 
200 kw pulse power), the cable dielectric is cut off flush as in Fig. 5-22. 
Dow Coming Ignition Sealing Compound is used to fill up the air gaps. 
Couplings to various rigid lines are made by means of adapters; for the 



Fig. 5-24.—UG-156/U plug. 


1-in. stub fine, the adapter is the UG-237/U shown in Fig. 5-23. The 
bead section in this adapter is a quarter wavelength long at about 10 cm; 
its characteristic impedance is 49.2 ohms. Thus the connector acts as a 
matching transformer from the 52-ohm cable to the 46-ohm f-in. line 
for a wavelength of 10 cm, and the quarter-wavelength spacing helps 
to cancel the shunt capacity caused by the step in the diameter of the 
line. 

For high-voltage use. the RG-17/U cable dielectric is trimmed as 
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shown in Fig. 5-24. This trimming enables the cable dielectric to fit 
into the bead of the connector, and thus to increase the path length for 
the voltage breakdown from the center conductor to the outer conductor. 
Dow Corning Ignition Sealing Compound is used to fill the air gap around 
the center conductor and between 
the dielectric surfaces and to de¬ 
crease corona and the possibility of 
breakdown. This connector, if used 
with the UG-155/U connector, Fig. 
5*25, to couple two sections of cable 
together, will withstand nearly as 
much voltage as the cable. 

To increase the length of the air 
path across the surface of the dielec¬ 
tric, the connector may be tapered as 
shown in Fig. 5*26. The characteristic impedance of any cross section in 
this taper may be calculated from the equation 



This equation assumes that the capacity per unit length of a coaxial 
line made up of two dielectrics whose common boundary is the surface of a 
cylinder of diameter d 2 (Fig. 5-27) consists of two capacities in series, 



calculated from the two coaxial lines which would be formed if a thin 
metal tube were at this boundary. The inductance per unit length of 
the coaxial line is assumed to be unchanged since the magnetic per¬ 
meability of most low-loss dielectrics is nearly the same as that of air. 
If the tapers of the conductors are straight lines, then Eq. (3) may be 



^ M 


Fig. 5-25.—UG-155/U adapter. 
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used to calculate the shape of the dielectric in this section to ensure a 
taper with a gradually changing characteristic impedance. For a 
taper longer than a half wavelength, however, straight tapers of both 
conductors and dielectric will give a fairly good match since the change 
in the characteristic impedance will be gradual. 

6*10. Polyglas Connectors.—In certain applications where a con¬ 
nector must maintain the pressure in the air-filled line to which it is 
coupled, it is possible to obtain 
a seal by means of an extruded 
polyglas bead in the connector. 

Polyglas has the property of 
adhering to the metal of the 
center and outer conductors and 
thus of securing a seal. It has, 
further, a coefficient of expansion 
equal to that of brass; this enables 
the connector to seal the line 
hermetically over a range of tem¬ 
peratures greater than would be obtained with the use of a butyl-rubber 
washer squeezed between two polydichlorostyrene beads. The dielectric 
constant of polyglas D, the material which is most satisfactory at present. 




is rather high: 3.22, as compared with 2.25 and 2.56 for polyethylene and 
polydichlorostyrene, respectively. This high dielectric constant makes 
it necessary to introduce a large step in the conductors, and therefore 



Fig. 5-27.—Coaxial line with two dielectric 
layers. 
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causes high capacitive mismatches at the steps. The mismatch may be 
lessened if the conductors are stepped in opposite directions from those of 
the conductors of the connecting line; that is, if the center-conductor 
diameter is decreased while the outer conductor is increased in diameter. 



Fig. 5*30.—Adapter from UG-154/U connector to 1 f-in. line. 


By using the formulas from Sec. 4-6, which give the capacity of a step 
in terms of the dimensions of the line, the length of the bead may be 
selected so that a matched connector can be obtained. Figures 6*28 



100 200 400 1000 2000 4000 

Frequency in Me /sec 

Fig. 6-31.—Attenuation of standard cables 
vs. frequency. 


through 6*30 show several such con¬ 
nectors designed to fit various lines 
and fittings. These connectors are 
matched at a wavelength of 30 cm. 

The adapter shown in Fig. 6-28 
shows the insertion of a polyethyl¬ 
ene bead into the polyglas. In this 
way a more elastic dielectric is used 
over the fingers of the slotted center 
conductors of the adapter so that 
these fingers will be able to expand 
when the plug center contact is 
forced into them. The character¬ 
istic impedance of this two-dielec¬ 
tric section may be calculated on 
the basis of Eq. (3). The termina¬ 
tion of the Radiation Laboratory 
prevented the completion of tests 
on this sort of adapter. It is not 
known how satisfactory it might be 
to manufacture. Other polyglas 
materials that have similar proper¬ 
ties, but with a lower dielectric 


constant, are being developed. 

6*11. Summary. —In the preceding sections of this chapter a some¬ 
what detailed but not exhaustive description of a few of the most widely 
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Remarks 

General-purpose, small-sise flexi¬ 
ble cable 

General-purpose, medium-size, 
flexible cable 

Same as RG-8/U armored for 
Naval equipment 

Large, high-power, low-attenua¬ 
tion, transmission cable 

S3me as RG-17/U armored for 
Naval equipment 

Very large, high-power, low-at¬ 
tenuation, transmission cable 

Same as RG-19/U armored for 
Naval equipment 

Small-size, flexible cable 

Small microwave cable 

Medium-size, low-lpvel circuit 
cable 

General-purpose, semiflexible, 
power-transmission cable 

Same as RG-14/U armored for 
Naval equipment 

Max. 
operating 
voltage, 
volts rms 

111 II II Ilf || 

Nominal 

capaci¬ 

tance, 

wd/ft 

28.5 

29.5 

29.5 

27.5 

29.5 

29.5 

29.5 

28.5 

28.5 

30.0 

29.5 

29.5 

Nominal 

imped- 

ohms 

53.5 

52.0 

52.0 

52.0 

52.0 

52.0 

52.0 

53.5 

53.5 

51.0 

52.0 

52.0 

Weight, 

lb/ft 

0.025 

0.106 

0.146 

0.460 

0.585 

0.740 

0.925 

0.034 

0.087 

0.150 

0.216 

0.310 

Nominal 

over-all 

diam., 

0.195 

0.405 

(Max.) 

0.475 

0 870 

(Max.) 

0.945 

1.120 

(Max.) 

1.195 

(Max.) 

0.206 

0.332 

0.420 

0.545 

0.615 

Protective 

covering 

Vinyl 

Vinyl 

Vinyl (noncon¬ 
taminating) and 
armor 

vinyl (noncon¬ 
taminating) 

Vinyl (noncon¬ 
taminating) and 
armor 

Vinyl (noncon¬ 
taminating) 

Vinyl (noncon¬ 
taminating) and 
armor 

Polyethylene 

Vinyl 

Vinyl (noncon¬ 
taminating) 

Vinyl (noncon¬ 
taminating) 

Vinyl (noncon¬ 
taminating) and 

Shielding 

braid 

Tinned copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Copper 

Tinned copper 

Copper 

Inner, silver- 
coated copper; 
outer, copper 
Copper 

Copper 

Nominal 
diameter 
of dielec- 

0.116 

0.285 

0.285 

0.680 

0.680 

0.910 

0.910 

0.116 

0.185 

0.280 

0.370 

0.370 

Inner 

conductor 

20 AWG 
Copper 
7/21 AWG 
Copper 
7/21 AWG 
Copper 

0.188 

o'fg’" 

Copper 

0.250 

Copper 

0.250 

Copper 

20 AWG 
Copper 

16 AWG 

7/2°lAWG 

Silvered 

Copper 

10 AWG 
Copper 

10 AWG 
Copper 

Army- 

Navy 

type 

number 

RG-58/U 

RG-8/U 

RG-10/U 

RG-17/U 

RG-18/U 

RG-19/U 

RG-20/U 

RG-55/U 

RG-5/U 

RG-9/U* 

RG-14/U 

RG-74/U 

Class of 
cables 

“1 is 

B3*° 

O 


* RG-9A/U is identical with RG-9/U except that the inner braid is woven with a shorter lay. This should result in a greater stability under flexing. 
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Table 5-6.—R-f Cable Connectors 


Cable 

No. 

f-in. stub-line 
coupling 

Type N 
(polystyrene 
equivalent) 

Type N modified 
(Teflon 
dielectric) 

Other 

couplings 

RG-58/U 1 
RG-58A/U J 


*UG-188/U plug 
Fig. 5-32 


BNC connectors 
UG-88/U plug 
Fig. 5-35 
UG-89/U jack 
Fig. 5-36 
UG-90/U panel 
jack 

(VSWR < 1.16 
for wave-lengths 
< 7.5 cm) 

RG-5/U 1 
RG-21/U J 


UG-18/U plug 
UG-18A/U plug 
UG-19/U panel 
jack 

UG-19A/U pan¬ 
el jack 

Ug-20/U jack 
UG-20A/U jack 
Fig. 513 

UG-18B/U plug 
UG-19B/U panel 
jack Fig. 5-13 

UG-20B/U jack 

*SKL fittings— 
Fig. 5-37 UG- 
275/U straight 

UG-276/U right 
angle (not con¬ 
stant imped¬ 

ance) Fig. 5-38 

RG-8,9/IJ ) 
RG-9A/U } 
RG-10/U J 

Similar to Fig. 
519 

UG-21/U plug 
UG-21A/U plug 
UG-22/U panel 
jack 

UG-22A/U pan¬ 
el jack 

UG-23/U jack 
UG-23A/U jack 
Fig. 513 

UG-21B/U plug 
UG-22B/U pan¬ 
el jack 

UG-23B/U jack 
Fig. 513 

HN connectors 
Fig. 517 

UG-59/U plug 
Fig. 517 

UG-60/U jack 
Fig. 517 

UG-61/U jack 
Fig. 517 

RG-14/U ) 
RG-72/U [ 
RG-74/U J 

UG-207/U field 
assembly Fig. 
518 

Fig. 519 

UG-204/U plug 
Fig. 5-33 


LN connectors 
Figs. 5.39, 5-40 
UG-100/U plug 
UG-101/U panel 
jack 

UG-279/U jack 

RG-17/U / 
RG-18/U S 

tUG-237/U Fig. 
5-23 

Rad. Lab. De¬ 
sign Fig. 5-26 

UG-167/U plug 
Fig. 5-34 


UG-192/U cou¬ 
ples to lf-in. 
line. Fig. 5-41 


* Not weatherproof, 
t Couples to UG-184/U. 
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used cables, connectors, and adapters has been given. The various types 
of connectors which have been discussed in detail were chosen not only 
on the basis of their general use but also to suggest to the reader various 
ways in which other connectors for new cables and lines for microwave 
frequencies may be designed. In order to give a more comprehensive list 

T 

3" 

Fig. 5-32—UG-188/U plug. 
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Fig. 5-37.—UG-275/U Klystron con- Fig. 5-38.—UG-276/U Klystron 

nector. fight-angle connector. 
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of the cables and connectors, Table 5-5 has been prepared. The physical 
and electrical properties of all the 52-ohm cables on the standard list of 
cables published by the ANRFCCC are given in this table. Figure 
5-31 shows the variation of attenuation with frequency for these cables. 
The corresponding connectors and adapters which are designed to be used 
with them are shown in Table 5*6 and various figures illustrate these 
connectors. Included also is a list, Table 5-7, of various adapters used to 
couple one connector to another. These adapters are not necessarily 
matched at microwave frequencies and therefore are recommended only 
where a good match is not needed. 


Table 5-7.— Pabtial List op Adapters for Coaxial Connectors 
Number Description 

UG-97/U Right angle: fits between LN plug and jack. 

UG-108/U Fits between LN and N plugs. 

UG-109/U Adapts from LN plug to LN plug. 

UG-110/N Adapts from type N jack to SKL male fitting. 

UG-131/U Adapts from type N plug to female SKL fitting. 

UG-201/U Adapts from type N jack to BNC plug. 

UG-212/U Right angle: fits between HN plug and jack. 

UG-213/U Adapts from type N plug to LN jack. 

UG-217/U Adapts from LN plug to UG-154/U connector 
UG-252/U Adapts from UG-215/U connector to LN plug. 

UG-274/U T containing one male BNC connector and two female BNC ends. 
UG-306/U Right-angle adapter; fits between BNC plug and jack. 


WAVEGUIDE UNITS 
By F. T. Worrell 

Flexible waveguide units can be divided into two main classes: 
nonresonant and resonant. The first includes varieties which are essen¬ 
tially continuous waveguides made of some special flexible conductor; 
the second includes varieties which consist of a flexible choke-to-flange 
junction, or a number of flexible choke junctions in cascade. 

Before discussing these flexible waveguides in detail, the various 
applications in which a flexible waveguide may be used should be con¬ 
sidered. These are listed below. 


1. General Service Unit. This unit is used for connecting two pieces 
of equipment, or for connecting test equipment to a system, and 
for any sort of “patch cord” service. This application generally 
requires long sections of flexible waveguide. 

2. Alignment Section. This is a section, generally short, which is 
used to connect two rigidly mounted units that are expected to be 
misaligned, relative to the nominal alignment, by an amount 
sufficient to prohibit the use of a piece of rigid waveguide. 
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3. Vibration Section. This section can be used to connect two pieces 
of equipment that vibrate with respect to each other. 

4. Flexure Section. One of these sections can be flexed continually 
through fairly large amplitudes at a relatively slow rate, that is, 
slow compared with variation rates. 

5. Flexible Waveguide for Emergency Repair. This flexible waveguide 
may be used to replace damaged sections of rigid waveguide for 
temporary service until more permanent repairs can be made. An 
emergency-repair waveguide must be of such a design that it can 
be cut to arbitrary lengths. 

In general, no given kind of waveguide will fall into only one of the 
classes listed above, but will have properties putting it in several of the 
classes. The combination of properties needed for a given application 
will determine the type of waveguide to be selected. 

Nonresonant Flexible Waveguide 

The flexible waveguides that come under this heading are wound 
metal hose, Titeflex, seamless corrugated waveguide, plastic and plastic- 
filled waveguides, and wire-screen waveguides. 

6*12. Wound Metal Hose.—At Radiation Laboratory the first piece 
of flexible waveguide was made by forcing a piece of breeze cable, which 



Fig. 5-42.—Wound-metal-hose waveguide. 


is similar to ordinary BX armor, into approximately the cross section of 
the rigid waveguide with which it was to be used. It was, of course, 
lossy (about 1.5 db/m) but showed enough promise to warrant develop¬ 
ment of a more elegant version. This version is the wound-metal-hose 
flexible waveguide. 

The construction of wound-metal-hose 1 waveguide is illustrated in Fig. 
5*42. The waveguide is formed by winding a narrow strip of silver-clad 
brass in a spiral on a rectangular form and crimping the edges of the strip 

1 Manufactured by American Metal Hose Branch, American Brass Go., Water- 
bury, Conn. 




Sec. 5-12] 


WOUND METAL HOSE 


275 


as it is wound so that the adjacent turns are linked together. Since the 
crimping is quite tight, there is good electrical contact between the 
turns. When the waveguide is flexed, the successive convolutions in 
the winding slide over one another without breaking the contact. It is 
evident that such waveguides can be supplied in rather long pieces; these 
pieces can be cut to the desired length, and connectors can be soldered to 
them. The sizes in which wound-metal-hose waveguides are made are 
listed in Table 5-8. 


Table 5-8.— Sizes of Wound-metal-hose Waveguide 


Wave¬ 

length 

region, 

cm 

Type 

No. 

Inside dimen¬ 
sions,* in. 

Mating rigid 
waveguide 
OD, in. 

Mating rigid 
waveguide, f 
type No. 

Rubber- 
covered 
assembly, 
type No. 

1 

CG-162/U 

0.170 X 0.420 

IX* 

RG-53/U, 

RG-66/U 

CG-163/U 

3 

CG-179/U 

0.400 X 0.925 

I X 1 

RG-52/U, 

RG-67/U 

CG-164/U 

3 

CG-165/U 

0.497 X 1.122 

1 X 11 

RG-51/U, 

RG-68/U 

CG-165/U 

5 


* XI* 
f X U 

! XU 
? 

RG-50/U 

.t 

6.5 

6.5 

CG-167/U 

* XI* 
ixift 

1X2 

? 

RG-49/U 

CG-168/U 
.t 

10 

10 

30 

CG-169/U 

1.338 X 2.838 

f X2f 

3J X 6* 

11 X 3 

.473 X 2.848 
(f X 2f ID .049 
wall) 

3.41 X 6.66 (31 
X 61 ID 0.080 
wall) 

RG-48/U, 

RG-75/U 

RG-69/U 

CG-170/U 


* All sizes have a radius on the comers of the order of i in. Exact values are not quoted here, 
t When two numbers are listed, the first is the more commonly used (brass) waveguide, the second 
the less common (aluminum) waveguide. Exception: RG-66/U is silver. 

} Rubber-covered assemblies have been made in these sizes, but no type numbers have been assigned. 

This type of waveguide is suitable for essentially the same fre¬ 
quency range as is the corresponding rigid waveguide. Since the 
irregularities in the inner wall of the waveguide are small and frequently 
spaced, and since the contact loss in the windings is small, the mismatch 
introduced by the flexible waveguide is mainly that caused by the dis¬ 
continuity at the connection between the rigid and the flexible wave¬ 
guides. Such a discontinuity does exist, since the corners of the flexible 
sections must be rounded. The effect of this discontinuity can be 
minimized by making the nominal inside dimensions of the flexible 
waveguide different from those of the rigid waveguide. To date only 
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the dimensions of the CG-179/U waveguide have been changed in this 
way. Flexible waveguides for the longer wavelengths are not badly 
enough mismatched by this discontinuity to warrant making a change 
in the cross section. The smaller CG-162/U waveguide needs a con¬ 
siderable change in cross section. 

A certain amount of mismatch may be introduced at the point where 
the metal hose is soldered to the connector. This mismatch is random 
in character and can be detected by standing-wave measurements. It 
should be noted here that the effect of any changes in design of this wave¬ 
guide can be found only by testing many samples and making a statistical 
analysis since the scattering in impedance among the various samples is 
appreciable. 

Metal hose that has no covering material is fairly flexible. Samples 
of various sizes have been tested, at the American Brass Company, for 
minimum bending radius by bending them over uniform drums of differ¬ 
ent radii. Recommended minimum radii for bending in the E- and 
77-planes are listed in Table 5-9. If the waveguide is bent to a smaller 
radius, the loss will increase. The waveguide is wound to such a tightness 
that when the recommended minimum radius has been reached, the 
difficulty of further bending of the waveguide makes this fact apparent. 

Table 5-9.— Minimum Bending Radii of Metal-hose Waveguides 


Inside dimensions, 
in. 

Minimum bending radius, 
I?-plane 

17-plane, 

in. 

0.170 X 0.420 

20 


0.400 X 0.925 

9 

18 

0.500 X 1.125 

9 

18 

1 X If 

10 

20 

i X If 

20 

30 

i X lfi 

20 

30 

1.338 X 2.838 

24 

36 


The large bending radius specified for the 0.170- by 0.420-in. size 
should be noted. It has been found that any bending sharper than that 
specified causes considerable distortion of the cross section of the wave¬ 
guide and a large increase in the loss. 

Standing-wave-ratio specifications for the different sizes vary but, 
in general, one can expect that the voltage standing-wave ratio will be 
between 1.00 and 1.05 per end for any size the design of which has passed 
beyond the experimental stage. This means that a given length of 
waveguide may have an over-all voltage standing-wave ratio between 
1.00 and 1.10, depending on the reflection from each end and on the 
electrical length of the line. In a long line the loss may be large enough 
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to affect the over-all standing-wave ratio. Further properties will be 
discussed in the section on the rubber^covered version, which in general 
has the same electrical characteristics. 

The uncovered wound-metal-hose waveguide has several disadvan¬ 
tages. It deteriorates fairly rapidly with use since the flexing, by 
tending to open the convolutions, makes the contacts poorer and the 
waveguide more lossy and allows sparking between the convolutions. 
If exposed to salt spray, or even to ordinary atmospheric corrosion, this 
waveguide deteriorates because it is unprotected on the outside. Since 
it is not jacketed, it cannot be used in a pressurized system. However, 
it is useful in laboratory systems where there is no appreciable trouble 
with atmospheric corrosion, and in hastily assembled equipment where 
the extra losses are not important. Its chief importance in complete 
systems is for emergency patching of a damaged piece of rigid waveguide. 
In such a case the damaged section can be removed, and a piece of the 
flexible waveguide, cut to the proper length, can be soldered in place as a 
temporary expedient. 

5*13. Wound Metal Hose, Rubber-covered.—This construction is a 
refinement of that described in the previous section. The flexible section 
has connectors soldered to each end and a rubber jacket molded around 
the entire unit. The sizes of waveguide for which a rubber-covered 
version has been made are listed in Table 5*8. A typical CG-164/U 
assembly is shown in Fig. 5-43. Because of the construction, units of 
this kind are supplied only in standard lengths. At present, it is made 
in lengths up to 48 in., in 6-in. steps, and also in 60- and 72-in. lengths. 
Although any type of connector may be used on this waveguide, the 
standard assembly is fitted on each end with a flange, mating with the 
standard rigid-line choke coupling. The exception is the CG-163/U 
waveguide, which has a choke at one end and a flange at the other, mating 
with the UG-116/U and the UG-117/U connectors, respectively. The 
rubber jacket makes the waveguide inherently less flexible, but since it 
prevents the convolutions from opening, the functional life of the wave¬ 
guide is much longer. The jacket seals the waveguide so that it may be 
used in a pressurized system and affords protection against corrosion. 

Power-breakdown troubles may be of two kinds: arcing across the 
waveguide in the direction of the F-vector, and arcing in the convolu¬ 
tions. No breakdown across the waveguide was observed, when the 
following powers were applied to the various sizes of waveguide: 
CG-170/U waveguide at a wavelength of 10.3 cm, 800 kw; CG-164/U 
at 3.2 cm, 200 kw; CG-163/U at 1.25 cm, 150 kw. The determination 
of the power level at which arcing occurs in the convolutions is difficult, 
for considerable arcing may occur without being visible to an observer 
looking down the inside of the waveguide. It is possible to detect such 
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arcing by measuring the loss in a piece of waveguide under high-power 
conditions and comparing this loss with that which is measured at low 
powers. This has been done on an 8-ft section of CG-164/U at 3.2 cm 
for powers ranging from 50 to 200 kw. The power loss was,-within 
experimental error, constant over this range, a fact which leads to the 
belief that no appreciable sparking occurs up to 200 kw. 



Fio, 6-43.—Rubber-covered wound-metal-hose assembly. 

Waveguide of this type is moderately flexible. Permissible distor¬ 
tions of various sizes are listed in Table 5-10. These figures are obviously 
Table 5-10. —Flexibility or Various Rubber-covered Metal-hore Waveguides 


Type 

No. 

Allowable A-bend 
radius, in. 

Length required for 
90° twist, in.' 

CG-170/U 

45 


CG-166/U 

8 

24 

CG-164/U 

8 

18 

CG-163/U 

6 

9 


only approximate. The variation in flexibility with dimensions of the 
waveguide does not appear, from the table, to be as smooth as one would 
expect. The units are “preflexed” in the factory before being tested. 
It should be noted that these figures are, in general, smaller than those 
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for the uncovered waveguides (Table 5-9). At first glance this seems 
inconsistent since the rubber jacket tends to stiffen the waveguide. How¬ 
ever, it has been found that, even though the covered waveguides are 
inherently stiffer than the uncovered ones, the former can be flexed 
until they are more pliable than the latter without deterioration of 
electrical properties. This apparently is because the rubber jacket holds 
the convolutions in place and keeps the contacts good. In the case of 
the smallest size, the rubber also holds the cross section uniform. 

No figures have been given for /7-plane bending because the flexibility 
of the waveguide in the /7-plane is so small that it is almost impossible 
to distort the guide without breaking it. An /?-plane bend and a 90° 
twist should be used instead of an /7-plane bend. 

Vibration-table tests indicate that rubber-covered metal hose is satisfac¬ 
tory for vibration service. Data have been accumulated at the American 
Brass Company on the life expectancy of units of types CG-166/U and 
CG-164/U. A number of assemblies, each 12 in. long, of both types, 
were mounted in a machine that displaced one end of the assembly by 
i in. on either side of the neutral pos tion, in the /?-plane, at a rate of 
1400 cycles per minute. Under these conditions almost all the samples 
lasted at least one million cycles, and about 25 per cent of them lasted 
more than ten million cycles; two were still good after 60 million cycles. 
Some caution must be used in interpreting these data since it is suspected 
that the vibration table may not have given the simple type of motion 
described above but may have put addit onal stresses on the waveguide 
which would tend to shorten its life. However, the tests did show 
improvement in both strength and flexibility over an earlier model 
tested in the same way. 

Flexure tests have been run at the American Brass Company on 
the CG-166/U unit. Six 12-in. samples have been flexed in the .E-plane, 
10° on either side of the neutral position in a continuous arc at a rate of 
20 cycles per minute. All but one, which broke early in the test, were 
flexed 3.5 to 4.0 million cycles before breaking. In both the vibration 
and flexing tests, loss and standing-wave measurements were made at 
frequent intervals. In general, during the test the samples showed no 
marked change in either loss or standing-wave ratio until they were 
actually broken. 

The effect of temperature on the rubber jacket is not definitely known; 
however, jackets occasionally crack when flexed at extremely low tem¬ 
peratures. This type of waveguide has proved satisfactory in general 
and is particularly suitable for vibration and flexure service. 

6*'14. Titeflex.—The construction of Titeflex 1 is shown in Fig. 5-44. 
Like the metal-hose waveguide, it is made by winding a narrow metal 
strip spirally on a rectangular form. In this case, however, the strip is 

1 It will be seen that this type is also a wound metal hose. To distinguish it from 
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considerably thinner, and the adjacent turns are crimped only a small 
amount over each other. The crimped edges are soft-soldered after 



the winding is finished. Thus, when the waveguide is flexed, there is no 
sliding of adjacent convolutions over each other, but rather a flexing of 
each convolution. The sizes in which Titeflex is made are listed in Table 
5-11. 


Table 5*11.—Sizes of Titeflex 


Wave¬ 

length 

region, 

cm 

Type 

No. 

Inside 

dimensions,* 

in. 

Mating rigid 
waveguide 
OD, in. 

Mating rigid 
waveguide, f 
type No. 

Rubber- 
covered 
assembly, 
type No. 

1 

CG-162/U 

0.170 X 0.420 

ixi 

RG-53/U, 

RG-66/U 

CG-162A/U 

3 

CG-179/U 

0.400 X 0.900 

iXl 

RG-52/U, 

RG-67/U 

CG-179A/U 

3 

CG-165/U 

0.497 X 1.122 

fxil 

RG-51/U, 

RG-68/U 

CG-165A/U 

5 


f X U 

ixH 

RG-50/U 


6.5 

CG-167/U 

i xi! 

1 X 2 

JRG-49/U 


10 

10 

CG-169/U 

1.338 X 2.838 

1 X2f 

1* X 3 

.473 X 2.848 
(| X 2f ID, 
.049-in. wall) 

RG-48/U, 

RG-75/U 

CG-169A/II 


* All sizes have a radius on the corners of the order of J in. Exact values are not quoted here, 
t When two numbers are listed, the first is the more commonly used (brass) waveguide, the second 
the less common (aluminum) waveguide. Exception: RG-66/U is silver. 


Compared with the metal hose, Titeflex is considerably more flexible 
in some respects, less in others. Being made of a thinner strip, it can be 
bent to a small radius. It breaks, however, if flexed repeatedly after 


other types, this is referred to by its convenient trade name. Titeflex is manufac¬ 
tured by Titeflex, Inc., 600 Frelinghuysen Avenue, Newark, N. J. 
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bending to the limiting radius, because large localized deformations then 
occur. Its great flexibility for a single bending makes Titeflex useful for 
alignment sections. It can be said, in general, that Titeflex is more 
flexible but more fragile than its metal-hose counterpart. It differs 
further from the metal hose in that its construction allows the waveguide 
to stretch or compress slightly; however, it cannot twist. Furthermore, 
it is airtight and can therefore be used in a pressurized system without 
need for a rubber jacket. Only one difficulty arises here; namely, that the 
waveguide will tend to stretch slightly when in a pressurized system. 
This stretching is noticeable only in the larger sizes, and can be made 
negligible in many cases by having the rigid r-f components associated 
with the flexible waveguide mounted strongly enough to take the stress. 
Like the metal hose, Titeflex is available in long sections and can be used 
for repairing damaged rigid waveguide. It is more likely to be damaged 
in use than the metal hose is, but it is less subject to deterioration from 
atmospheric corrosion. 

No systematic program of testing has been undertaken, but a number 
of miscellaneous tests have been made to determine the flexibility of this 
type of waveguide. Some 24-in. samples of uncovered Titeflex in the 
1.340- by 2.840-in. size have been tested to find the effect of distortions 
on the standing-wave ratio. The test samples were distorted, without 
any mechanical troubles or appreciable changes in the standing-wave 
ratio, by these amounts: 90° H- bend, 120° F-bend, 5-in. //-plane shear, 9-in. 
F-plane shear, 1-in. stretch, and i-in. compression. The waveguides 
tended to take a set at the extreme values of distortion listed; therefore, 
such distortions could not be recommended for flexing service. 

6*16. Titeflex, Rubber-covered.—Titeflex of this type is made in 
standard lengths with connectors soldered to the ends. A rubber jacket 
is molded around the outside of each unit. The jacket has the effect 
of stiffening the waveguide somewhat and making it considerably more 
sturdy. The standard lengths available and the specifications on their 
electrical properties are the same as those for the rubber-covered metal 
hose. 

The only life-test data available are those made on a few samples of 
CG-164A/U waveguide, 12 in. long. These samples were run through a 
flexing test in which they were flexed 15° each side of the neutral position. 
The test was discontinued after a half-million cycles, at which time all 
the samples were still good. 

The power-handling capacity of Titeflex has not been measured 
systematically. It is believed that this guide can handle at least those 
powers at which the metal hose has been tested (see Sec. 5T3). Its 
breakdown power may be lower than that of the metal hose because the 
ridges in the wall of the waveguide are higher and narrower. 
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6*16. Seamless Corrugated Waveguide.—The construction of seam¬ 
less corrugated waveguide 1 is shown in Fig. 5*45. Like the common 
circular bellows or Sylphon bellows, this waveguide is made from thin- 
walled rectangular tubing that has corrugations formed in its walls. 

The design problems here are not so straightforward as in the previ¬ 
ously mentioned types. In the original design the inside dimensions 
of the flexible section were made equal to those of the rigid waveguide, 



the impedance of which it was supposed to match. The depth of the 
corrugations was made small compared with the wavelength in the hope 
that the discontinuities introduced would be small, and yet large enough 
to provide a reasonable flexibility. Also, the comers of the waveguide 
had to be rounded to ensure flexibility. The units made according to 
this design do not match the rigid waveguide in impedance. Theoretical 
analyses 2 have been made of waveguide with corrugations in one or both 
of the broad faces. The analyses show that these waveguides transmit 
electromagnetic radiation in modes that do not have the same geometry 
as those in the smooth-walled rectangular waveguide. No analysis has 
been made of waveguides with corrugations in all four walls, but it seems 
logical to assume that the same theory of transmission is true in these 

1 Manufactured by American Metal Hose Branch, American Brass Co., Water- 
bury, Conn. 

2 C. C. Cutler, “Electromagnetic Waves Guided by Corrugated Conducting 
Surfaces,” BTL Report No. MM-44-160-218, Oct. 25, 1944; H. Goldstein, “The 
Theory of Corrugated Transmission Lines and Waveguides,” RL Report No. 494, 
Apr. 6, 1944. 
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waveguides. Therefore, one would expect that a smooth-walled rec¬ 
tangular waveguide and a corrugated waveguide of the same inner 
dimensions would not have the same impedance. As a matter of fact, 
experimental data indicate that the corrugated waveguide has the same 
impedance as a smooth rectangular waveguide the inside dimensions of 
which are approximately the mean of the inner dimensions of the cor¬ 
rugated waveguide and the dimensions at the bottom of the corrugations. 




Fig. 5-46.—Seamless-corrugated-waveguide assembly for connecting two pieces of RG-52/U 
waveguide. 

At the time of writing, waveguide of this type is available in two 
sizes: 0.400 by 0.940 in. ID, i-in.-radius comers, corrugations 0.100 in. 
deep, to be used with RG-52/U waveguide (0.400 by 0.900 in. ID); and 
0.500 by 1.125 in. ID, -g-in.-radius corners, corrugations 0.100 in. deep, 
to be used with RG-51/U waveguide. It can be seen from the previous 
remarks that these waveguides will not match the rigid waveguides 
with which they are used. As a matter of fact, the voltage standing- 
wave ratio, observed when one looks from a piece of UG-52/U waveguide 
into the smaller of the above-mentioned sizes of corrugated waveguide 
terminated at the far end, is about 1.10 to 1.15. The conclusion stated 
in the previous paragraph would indicate that the proper inside dimen¬ 
sions of the two guides, each having corrugations 0.100 in. deep, would 
be 0.300 by 0.800 in. and 0.400 by 1.025 in., respectively. In early 
developmental work, there was no time to perfect the design of this 
waveguide; consequently, until the proper dimensions could be found, 
a makeshift had to be constructed for the small size since usable 
units were urgently required. The small size was needed for two appli- 
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52/U waveguide and as an alignment section between a piece of RG-51/U 
waveguide and a piece of RG-52/U waveguide. In each case an optimum 



Mates with UG-40/u 



Fig. £-47.—Seamless-corrugated-waveguide assembly for connecting RG-S1/U to RG-S2/U 
waveguide. 



Fig. 5-48.—Finished assemblies of seamless-corrugated-waveguide connectors. 


length was determined experimentally, so that the flexible unit was well 
matched over the wavelength band from 3.1 to 3.5 cm. Drawings of 
these two units are shown in Figs. 5-46 and 5-47. Finished assemblies are 
shown in Fig. 5-48. 

This type of waveguide is about the most flexible that is available; 
it lacks only the ability to twist. Its flexibility is approximately the 
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same as that of uncovered Titeflex, but it rates higher in compression and 
extension. The small size can be bent on a f-in. radius in the E-plane, 
or on a 1^-in. radius in the //-plane, or stretched or compressed 10 per 
cent, without appreciably changing the standing-wave ratio. A unit 
with ten corrugations can be sheared i in. in the //-plane and i in. in 
the E-plane without changing the standing-wave ratio. 

One assembly in this same size with nine corrugations has been 
tested at a wavelength of 3.2 cm at a power of 250 kw, pulse length of 
0.8 Msec, 1300 pps. No breakdown occurred for the following distortions: 
30° H- bend, 45° E-bend, J-in. stretch, and J-in. compression. Appar¬ 
ently the distortion is limited by the standing-wave ratio and by the 
mechanical limitations of the waveguide. 

Corrugated waveguide is airtight, but it cannot be pressurized, 
except within certain limitations. A 3-cm small waveguide assembly 
was tested at 20 lb/in 2 , and was found to stretch 15 per cent. It did 
not bulge radially at pressures up to 30 lb/in 2 . Therefore, a guide of 
this size can be used in a pressurized system at a pressure of 20 lb/in 2 
if the rigid waveguide sections to which the flexible section is connected 
can stand a stress of about 10 to 12 lb. 

At present, the corrugated waveguide is made of soft annealed 
copper to give it maximum flexibility as an alignment section. There¬ 
fore, it is not suitable for repeated flexing or for vibration service. By 
the use of different materials, units satisfactory for such service may be 
developed eventually, but since rubber-covered Titeflex is already 
available for these uses, there is no urgent need for such development. 

5-17. Plastic and Plastic-filled Waveguides.— It is well known that 
light can be conducted down a dielectric rod without appreciable loss 
of light through the walls, even if there is no metallic reflecting surface 
on the walls. In the optical case, if one uses a rod of appreciable cross 
section the light will be carried in numerous modes, perhaps thousands. 
In microwave work, carrying the power in only one mode is of interest; 
consequently, the problem is somewhat different. Some theoretical 
work has been done on this problem. 1 Two cases were considered: 
that of a rod of uniform dielectric constant; and that of a rod whose 
dielectric constant varied from a large value at the center to 1.0 at the 
surface. For simplicity, the calculations were made for the 7 7 F 0 i-mode. 
In each case it was found that the electric field at the surface was about 
40 per cent of the maximum field in the interior of the rod, and that 
55 to 60 per cent of the radiation was transmitted along the outside of 
the rod. This means that any external supports would cause large 
reflections of power. Ways of making slight improvements have been 

1 R. M. Whitmer, “Waveguides Without Metal Walls,” RL Report No 726 
Mav 10. 1946. * ’ 
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suggested, but on the whole, it is believed that this system of trans¬ 
mitting power is impractical. 

Although a simple plastic-rod waveguide will not work, a metal 
waveguide filled with plastic should be satisfactory. A plastic-filled 
waveguide would have the following advantages over a hollow waveguide. 

1. The width of the waveguide would be 1 /a/2 k e times the width 
of air-filled waveguide for the same cutoff frequency. 

2. The height of the guide, which is kept close to X/2 in air-filled 
waveguides in order to get maximum power-handling capacity, 
could be proportionately much less since the breakdown strength 
of a solid dielectric is much higher than that of air. 

3. The walls of the waveguide could be thin because the dielectric 
provides support and holds the shape. 

4. The waveguide would be flexible since the thin metal wall could 
be distorted. 

The dielectric-filled waveguide would have these disadvantages. 

1. Voids in the dielectric would cause large reflections. 

2. Transitions to the air-filled rigid waveguide would be required. 

3. The attenuation would be higher, even if the dielectric were 
lossless. 


To explain the higher attenuation an example may be considered. 
At a wavelength of 10.0 cm, a standard 1.5- by 3-in. copper waveguide 
will have a loss of 0.0199 db/m. If this waveguide is filled with poly¬ 
ethylene, K = 2.25, and if the width is then reduced by -y/K to keep 
X c the same as before, and the height is reduced by the same factor, the 
copper loss will be increased by the factor k e to a value of 0.0448 db/m. 
In addition, polyethylene, for which VC = 0.0009, will cause a loss 
of 0.184 db/m. The total loss is, therefore, 0.229 db/m. 

Attempts have been made to develop flexible dielectric-filled wave¬ 
guides for the 1-cm region. 1 In one variety a thin lead sleeve was used 
over a polyethylene core. This waveguide had a loss of 4 or 5 db/m, 
which could have been reduced by silver-plating the inside of the lead 
sleeve. In another version that was tried, du Pont conducting silver 
paint 2 was applied to the outside of a polyethylene rod. The lowest 
loss obtained in this case was about 7 db/m. Moreover, after drying, 
the paint flaked off when the rod was flexed. These results, it must 
be admitted, are not encouraging, but it seems reasonable to assume that 

1 H. E. Kallman, “Rudiments of Flexible Waveguides,” RL Group Report No. 
41—9/26/45. 

2 Made by E. I. du Pont de Nemours, Arlington, N. J. 
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a successful version could be developed. It has been suggested that a 
more flexible binder be used, and that a flexible sheath be put over the 
paint to prevent the cracking. If such a waveguide were perfected, it 
would still have a loss about three times that of the rigid waveguide 
and would thus be used only in special applications. One advantage is 
that it would not radiate small amounts of power as do metal hose and 
vertebrae. For use with signal generators, the high loss would not be 
objectionable. 

6*18. Wire-screen Flexible Waveguides.—The British have devel¬ 
oped waveguides having copper screen walls. Two different varieties have 



(a) (6) 

Fig. 5-49.—British flexible waveguide; (a) wires parallel to waveguide axis, (b) wires on 
the bias. 


been used, as shown in Fig. 5*49. One has the wires in the screen 
running parallel and perpendicular to the axis of the waveguide; the 
other has the wires on the bias. Both varieties have rubber jackets 
molded over the screen. The first kind can be twisted but is stiff in 
bending; the second cannot be twisted but is fairly flexible in bending. 
Each has a loss of roughly 0.4 db/m and voltage standing-wave ratio 
of 1.03. 

Some life tests were made of this type of waveguide. A flexure 
test was accomplished by mounting one end of a sample eccentrically 
on a rotating table while holding the other end in a fixed position. The 
table rotated at 110 rpm. Two samples were tested: a 15-in. sample was 
sheared 3 in., and a 6-in. sample was sheared i in. After about 500,000 
flexures, the loss had increased about 50 per cent, presumably as a 
result of loosening of the braid. One sample was vibrated at an ampli¬ 
tude of 0.013 in. at 2000 rpm for 12 hr with no change in loss. Samples 
have also been held at a temperature of 60°C for 76 hr with no change, 
particularly with regard to adhesion of the rubber to the metal braid! 
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This is important, since, without the rubber jacket, the braid would 
collapse when the waveguide was bent. 

Resonant Flexible Waveguide and Coupling Units 
5*19. Flexible Bellows.—A flexible-bellows section consists of a radial 
choke made of flexible material. For round waveguide carrying the 
TFn-mode, the design is quite straightforward. The choke consists 
of a section of radial transmission line one-half wavelength long, with a 
short circuit at the end, as shown in Fig. 5-50. The theory of operation 
of radial chokes has been treated in Sec. 4-9 and will not be discussed 
here. For greater flexibility than is provided by one of these sections, a 


Radial choke 




Fig. 5-50.—Flexible bellows for TFn-waveguide. 

series of sections can be stacked, one on the other, forming, in essence, 
a flexible waveguide. Not much use has been made of this type because 
the round waveguide is used infrequently. Bellows can, however, 
also be used in rectangular waveguide. The design of a single section 
is practically the same as that of the round waveguide. When a number 
of these are stacked together, however, they must be separated by 
partitions having rectangular holes the same size as the waveguide. 

Two different kinds of bellows have been made. In one, 1 a complete 
section is spun in one piece, in much the same way as in the manufacture 
of circular Sylphon bellows. This spun type is shown in Fig. 5*51. 
In Fig. 5*52 is shown an individual bellows. The method of assembly 
is shown in Fig. 5-53. It should be noted that the dimension A is 
bigger than the dimension B. Consequently the impedance of the inner 
section of the radial choke, which corresponds roughly to the first quarter- 
wave section, is larger than the impedance of the outer section, which 
corresponds to the second quarter-wave section. This situation is 

1 Manufactured by Fulton Sylphon Co., Knoxville, Tenn. 
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opposite to the low-impedance-high-impedance design that is charac¬ 
teristic of a broadband choke. Therefore, this bellows is satisfactory 
only over a narrow band. It also has other disadvantages: it is subject 
to high-power breakdown across the rectangular hole; and its life under 



Fio. 6-51.—Spun bellows 



constant flexure or vibration is short. However, it has good flexibility 
and is airtight, although it cannot be pressurized unless the connecting 
rigid waveguide can stand the stresses introduced by having air inside 
the bellows at a pressure above atmospheric. 

Detailed data are not available on this kind of bellows. Power- 
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handling tests have been made from time to time, and the results are 
variable. The breakdown seems to depend upon the thickness of the 
edge of the rectangular hole and upon the tolerance in the diameter 
of the radial choke. Some standing-wave measurements taken on an 



Fig. 5-53. —Cross section of a spun-bel¬ 
lows assembly. 



Fig. 5-54. —Performance of a 3-cm spun- 
bellows assembly with three sections. 



early model are plotted in Fig. 5-54. These are only generally indicative 
of the performance of bellows of this variety. 

The bellows of the second variety 1 consists of two pieces of thin, 
flexible stock and a partition with a rectangular hole, all of which are 
assembled as shown in Fig. 5-55. Although the Cook bellows is generally 
less flexible than the spun bellows, it has several advantages, most of 
which result from the proper design of the partition. If the partition is 
1 Manufactured by Cook Electric Co., Chicago, Ill. 
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fairly thick, the breakdown power is higher because of the thicker 
edge on the rectangular hole. Also, the design of the choke more nearly 
fulfills the ideal low-impedance-high-impedance condition since the 
effect of a thick partition is to narrow the first quarter-wavelength 
section of the choke. Another advantage of this bellows is that they 
are more rugged than those of the previously mentioned variety. 

The Cook bellows are good over a broader band than are the spun 
bellows, as can be seen from the curve in Fig. 5-56 which shows the 
voltage standing-wave ratio as a function of wavelength for a recent 
model of bellows for rectangular 
waveguide. Tests with a fre¬ 
quency - modulated oscillator 
indicate that there are serious 
resonances in one part of the 
pass band. Bellows of this 
recent model have not been test¬ 
ed at high power, but tests on 
earlier models indicated that 
they could handle a higher pulse 
power than the spun bellows. 

In general, it can be said that 
bellows are not particularly sat¬ 
isfactory. They are not so flexible as some other types of waveguide, 
and their pass band is relatively small, not exceeding 6 per cent. 

5*20. Open Choke-flange Junctions.—It is sometimes convenient 
when assembling a system to allow for possible small misalignments in 
the r-f line components by leaving one of the choke-to-flange junctions 
open a bit. Although this expediency has been used for some time, it is 
only recently that detailed measurements have been made to determine 
exactly what happens in such an open joint. The work was done on 
chokes of two designs, one for use at a wavelength of 10.7 cm, and the 
second for a wavelength of about 9 cm. In each case it was found that 
when the choke and flange were slightly displaced sidewise, relative to 
each other, and at the same time separated by a small amount, bad 
resonances occurred. Typical performance is shown in Fig. 5-57 where 
transmission loss is plotted as a function of the separation A z of choke 
and flange for a displacement Ay of 0.125 in. in the direction of the 
small dimension of the cross section, and a displacement Ax of 0.100 in. 
in the perpendicular direction. These measurements were made on the 
first-mentioned choke at a wavelength of 10.4 cm. Similar data were 
taken for several other values of Ay and Ax, and standing-wave measure¬ 
ments were made under all these conditions. The curves obtained 
were all similar to the one shown, differing in the magnitude of the peak, 
and in the position of the peak relative to Az. 



—Performance of Cook bellows for 
rectangular waveguide. 
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Some information as to what is happening when these resonances 
occur can be found by comparing VSWR and transmission curves for a 
given pair of values of Ax and Ay. One particular pair of curves indi¬ 
cates that where the resonance occurs the voltage standing-wave ratio 
is about 2.0, and the transmission is about 50 per cent. The power 
reflection corresponding to a standing-wave ratio of 2.0 is i, or 11 per 
cent. Therefore, the other 39 per cent must be either radiation loss 
or resistive loss in the walls of the resonant cavity which exists between 
the choke and flange, or, more likely, a combination of the two. 



Further information on this effect was found in the process of check¬ 
ing the design of a special open choke junction by the use of Pierce’s 
method. 1 There were a number of positions of the variable short- 
circuiting plunger where the customary phase shift was observed. 
These positions were separated in such a way that there seemed to be 
two sets of positions, one corresponding to radiation in the TTJio-mode, 
the other to radiation in the TT^o-mode. When the depth of the choke 
groove was correct, the TTho-radiation was not noticeable, but the other 
was still present. The existence of this radiation in the TT^o-mode is, 
of course, to be expected. 

If the ordinary choke for rectangular waveguide is now examined, 
it is found that the choke ditch is actually a section of coaxial line. 
Because of the symmetry of the electromagnetic field in the rectangular 
waveguide, the radiation excited in the section of radial transmission line 
1 Specifically, the method using a coaxial-line short-circuiting plunger, as described 
in Sec. 4-9. 
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between the waveguide and the choke ditch is predominantly in the 
TE 10 -mode; therefore the excitation of the choke ditch is also in this 
mode, as shown in Fig. 5-58. The depth of the ditch is therefore made 
a quarter-guide wavelength for the TEurmode at the design wavelength. 
If there were no other modes present, no trouble would occur. However, 
the TT? 30 -mode is also excited in the waveguide. The circumference 
of the choke ditch is large enough to allow the ditch to propagate radia¬ 
tion in this higher mode. Since the ditch, however, is not far from 
cutoff for this higher mode, the guide wavelength in this mode is long; 
therefore, the depth of the ditch is consid¬ 
erably less than iX ff for this mode. Conse¬ 
quently, the ditch, instead of presenting an 
infinite impedance at the top, presents a 
fairly small impedance, which may be of 
the order of jZ 0 or less. In series with 
this impedance, there is the impedance, 
reflected back to the choke ditch, of the 
outer edge of the choke-flange joint. The 
distance from the ditch to the edge of 
the choke joint is generally something 
between £X ff and -fX,,. Since the imped¬ 
ance at the outer edge of the joint looking 
out into free space is high, the impedance 
seen at the edge of the choke ditch will be 
low, with the imaginary part capacitive. 

This capacitance in series with the inductance of the choke ditch forms a 
series-resonant circuit. It would, therefore, be quite possible to have the 
resonant condition that has been found. To remedy this trouble, the sec¬ 
tions of the choke ditch adjacent to the narrow edge of the waveguide were 
plugged, as illustrated in Fig. 5-59, which made the remaining arcs of the 
ditch short enough to prevent propagation of the Ti^o-mode. This 
method has been used successfully in every device where trouble had previ¬ 
ously been experienced. The performance of a 10.7-cm joint with plugged 
ditches is shown in Fig. 5-57. The plugged chokes showed no resonances 
for displacements up to i in. in x and y directions. Similar tests have been 
made of 3-cm chokes. The standard choke coupling showed resonances 
which were not completely removed by plugging. It is believed that 
these were caused by reflections from the outer edge of the coupling, 
which is square, since a round choke having the same internal dimensions 
showed no resonances after plugging, for displacements of at least 
Ax — 0.100 in. and Ay = 0.063 in. 

Since the choke ditch of one of these plugged choke joints is beyond 
cutoff for the Tfi^o-mode, it presents a very low reactance to radiation 
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in this mode. Therefore, the radiation is practically unaffected by the 
ditch and passes beyond it. Most of the energy in this mode apparently 
is radiated from the choke-flange junction. Through a bad choice of 
dimensions of the joint, exclusive of the choke ditch, one may get reson¬ 
ances in the T^so-mode, but it is apparently not very likely since no 
such trouble has been experienced. Sometimes the housing around a 
joint of this type will give rise to such a reflection that there is a general 
rise in the standing-wave ratio of a joint over a large wavelength band. 
This is usually not serious and can be cured by a change in the dimen¬ 
sions of the housing or other external surroundings. 



Fig. 5-59.—Plugged 10-cm chokes for alignment joints; (a) for 10.7-cm wavelength, (6) 
for 9.0-cm. 


This kind of joint is useful for alignment, or for connecting two units 
that may vibrate relative to each other. Its drawbacks are that it has 
an appreciable r-f leakage and that it cannot be pressurized. 

6*21. Vertebrae. —The vertebral flexible waveguide consists of a 
number of open choke-to-flange junctions in cascade. It is notable for 
having more degrees of freedom than any other flexible waveguide 
existing at present. Whereas some forms may be more flexible for 
certain types of distortions, none of them can be flexed in so many ways. 
Vertebrae have been made for use in the 1-, 3-, and lC-cm regions. 
Since the 10-cm model has been found too bulky to be practical, it 
will not be discussed further. The 3- and 1-cm models have somewhat 
different design problems; therefore they will be discussed separately. 
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The chief problem in designing the 3-cm vertebrae is to design a 
choke that can be moved about freely in the immediate vicinity of the 
flange without producing high standing waves or large losses. The 
dimensions of the choke ditch are therefore slightly different from those 
of the ditch in the rigid-line couplings. In the first place, the choke 
is designed for a separation from the flange of ^ in.; therefore, the 
ditch is shallower than for a contact joint. Second, since the separation 
of choke and flange is greater here than in the contact joint, the choke 
ditch must be made wider in an at¬ 
tempt to preserve the desirable low- 
impedance-high-impedance condi¬ 
tion. If this is done, variations 
of impedance of the choke-flange 
junction with wavelength and with 
distortions, that is, relative motion 
of the choke and flange, will be 
minimized. Finally, the sections 
of the choke ditch adjacent to the 
narrow edges of the rectangular 
waveguide are plugged, as described 
in Sec. 5-20. An example of the 
improvement of performance result¬ 
ing from the plugging is shown in 
Fig. 5*60, in which is shown the loss 
in a 3-cm vertebral assembly at a 
wavelength of 3.2 cm, before and 
after plugging, as a function of the 
amount of bending in the H-plane. 

It should be noted here that the 
resonance trouble is more likely to 
appear at the shorter wavelengths. 

In fact, the unplugged vertebrae 
gave no trouble in the region from 3.3 to 3.5 cm. 

The general construction of a 3-cm vertebral assembly is shown in 
Fig. 5*61. In Fig. 5*62 are shown details of construction of the disk 
inserts. The choke-to-flange junctions consist of a series of disks 
separated tV in. In each disk is a rectangular hole 0.400 in. by 0.900 
in., forming the waveguide. In one face of the disk is the choke ditch. 
The opposite face of the disk is plane and forms the flange for the next 
choke-flange joint. The thickness of each disk is such that the distance 
between successive choke-flange joints is a quarter of the guide wave¬ 
length in the undistorted position of the vertebral assembly. Vertebral 
assemblies are designed to have even numbers of joints so that small 
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Metal hose armor-* ^ 

Fig. 5-61.—3-cm vertebrae assembly; (a) is a single choke disk, (6) is the flexible 
parts assembled. 
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mismatches in the individual junctions are canceled out. The disks 
are assembled in a neoprene jacket that serves to hold them in the proper 
relationship, one to another. This is accomplished by having ribs in the 
rubber jacket which fit into grooves in the disks. 

The vertebral assemblies have end pieces with choke couplings that 
mate with standard rigid-line flange couplings. Around the outside 
of the rubber jacket is a flexible metal hose that helps pressurize the 
assembly by preventing radial expansion of the jacket. Longitudinal 
expansion must be restrained by the waveguide sections to which the 
unit is attached. The metal hose restricts the flexibility of the wave¬ 
guide to a certain extent, but the units can be used without the sheath 
if extra flexibility is needed and pressurization is not. The 3-cm verte¬ 
brae are supplied, at present, in 5- and 9-choke units. 



The loss and standing-wave ratio caused by various distortions of a 
9-choke unit at various wavelengths are shown graphically in Fig. 
5-63. These data may be summarized as follows: in the range from 
X = 3.10 cm to X = 3.50 cm, the waveguide assembly can be (1) twisted 
45 , (2) stretched at least 1 in., (3) compressed £ in., (4) bent in the 
//-plane 60 , (5) bent in the //-plane 60°, (6) sheared in either plane 
1 in.; all this can be done without introduction of a loss greater than 
0.5 db or a VSWR greater than 1.10. 

The power-handling capacity of the 3-cm vertebrae is adequate for 
powers in use at the present time. At 250 kw pulse power, 0.8-^sec 
pulses, 1300 pps, the same 9-choke unit mentioned above could be 
distorted at least the following amounts without breakdown: £-in. 
compression, £-in. stretch, 1-in. //-plane shear, 45° E- and //-bend, 45° 
twist. The maximum //-plane shear is £ in. At 100 kw pulse power 
this last figure increases to at least 1 in. 
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Vertebrae suffer from one disadvantage that is sometimes serious: 
they have an appreciable amount of r-f leakage. It should be noted 
that this leakage is small compared with the power transmitted by the 
vertebrae and is noticeable only when the vertebrae are in an enclosed 
space or near a sensitive detector or receiver. 




Fig. 5-64.—1-cm vertebral assembly; (a) choke disk, (jb) flexible cover, (c) assembly. 

The problems involved in the design of the 1-cm vertebrae differ 
from those of the 3-cm version. In the first place, since only a 4 per 
cent wavelength band needs to be covered, it is not necessary to plug the 
choke groove to avoid resonances. In the second place, the ideal 
diameter of the choke ditch for a choke coupling on the standard 1-cm 
waveguide would be such that the ditch would cut across the comers 
of the waveguide. When the ditch is made large enough in diameter to 
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avoid this trouble, the choke coupling is not well matched. In rigid- 
line couplings, this mismatch is minimized by making the separation 
between the choke and the flange small, thus achieving an alternating 
low-impedance-high-impedance condition. With vertebrae, however, 




Fig. 5-66.—Typical 3- and 1-cm vertebral assemblies. 


this cannot be done; therefore, the design of the choke ditch must be 
better. The design was improved to a great extent by reduction of the 
size of the rectangular waveguide within the vertebrae to the point 
where a choke ditch of nearly the correct diameter could be used. The 
use of undersized waveguide gave rise to a further problem of match¬ 
ing the vertebrae to standard waveguide. The matching was accom¬ 
plished by the use of a choke groove of a special size in the connectors on 
the ends of the assembly; this, of course, required that the end connectors 




















Stretch in inches o 1.250 cm Twist in degrees 

(e) a 1.275 cm (/) 

6 '®T.—Loss and SWR for deformations of 1-cm vertebral assembly: (a) .E-plane bend: 
( w H -Plane bend; (c) JS-plane shear; (d) H-plane shear; (e) stretch; (/) twist. 
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on the vertebral assembly be chokes and not flanges. A typical vertebral 
assembly for 1 cm is shown in Fig. 5-64. In Fig. 5-65 are shown details 
of the disk inserts and the end piece of the vertebral assembly. In Fig. 
5-66 are shown typical 3- and 1-cm vertebral assemblies. 

Assemblies of 1-cm vertebrae sheathed with flexible metal hose are 
available. In the 1-cm size the extension force is much smaller than 
in the larger 3-cm size when used in a pressurized system; therefore, the 
rubber jacket keeps the extension of the unit down to fairly small values. 
This size can be considered for pressurizing, if it has the metal jacket 
to prevent radial expansion. At present 1-cm vertebrae are assembled 
in units containing 11, 21, and 41 chokes with standard end connectors. 



Also, a small 5-choke unit for a particular alignment application has 
been made, as well as a 41-choke unit with a special adapter on one end to 
mate with a standard rigid-line choke. 

The voltage standing-wave ratio and loss of an 11-choke unit, under 
various conditions of distortion, are shown in Figs. 5-67. 1 Experiments 
on the power-handling capacity of these vertebrae indicate that operation 
is possible at levels around 100 kw for any distortion that is possible 
from the standpoint of loss and standing-wave ratio. 

This discussion has been concerned only with vertebrae designed 
for use with rectangular waveguide carrying power in the TE X 0 -mode. 
Vertebrae can be made also for round waveguide carrying power in the 
TFn-mode. Vertebrae can also be constructed for use in waveguide in 
the TEoi-mode. In waveguide carrying this mode, the currents in the 
wall are circular in a plane perpendicular to the axis of the waveguide; 
therefore, if the waveguide is cut in this plane, no power will leak out 
of the waveguide, and no choke will be needed. One might expect that a 
vertebral assembly could be made that uses a series of rings supported 
in some sort of flexible jacket as shown in Fig. 5*68. This arrangement 

1 E. L. Younker, “An Improved K Band Vertebrae Waveguide,” RL Report No. 
776, Aug. 25, 1945. 
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has two faults: first, it requires transitions to rectangular waveguide 
at the ends if it is to be used in the conventional type of system; and 
second, as soon as the assembly is bent in any way the asymmetry 
introduced will allow lower waveguide modes to be generated. As 
soon as the lower modes, namely, the TE n - and TM 01 -modes, are present, 
the circular slots in the waveguide wall will cause large reflections of 
power and will allow large amounts of power to radiate. 

5»22. Summary.—The previous discussion can best be summarized 
by a brief listing of the various types of flexible waveguide according to 
the applications to which they are suited. 

General Service Unit. —The rubber-covered wound metal hose and 
rubber-covered Titeflex are to be preferred. In case of emergency, 
if these are not available, the uncovered varieties of wound metal hose 
and Tit^ilex may be used. Their use is not recommended because they 
are not so strong mechanically, and they deteriorate more rapidly in 
service, especially when exposed to salt spray or corrosive vapors. 

Alignment Section. —For the 1-cm band, the vertebrae are to be 
preferred at present, partly because of availability. Seamless corrugated 
waveguide and Titeflex, when they are developed, may be more satis¬ 
factory from certain standpoints. For the 3-cm band, the seamless 
corrugated waveguide is preferable. Uncovered Titeflex is slightly less 
flexible. Vertebral sections, which are bulkier, may be considered 
when the bulk does not matter since they have more degrees of freedom 
than the others. For the 10-cm band, uncovered Titeflex is to be 
preferred because of its flexibility and general availability. Vertebrae 
at these wavelengths do not seem to be practical. Seamless corrugated 
waveguide is under development, and it is not known whether it will be 
practical in this size. In addition to these, an open choke-flange junction 
is suitable, if the choke ditch is plugged. 

Vibration Section. —At 1 cm, for lengths greater than 8 in., the rubber- 
covered wound metal hose is preferable. For shorter lengths, the verte¬ 
brae are best. At 3 cm, the rubber-covered Titeflex or wound metal 
hose in the long lengths are good. For short lengths, the vertebrae are 
satisfactory. Other considerations, such as r-f leakage, will determine 
which is to be used. On the 10-cm band, about the only type available 
at present is the rubber-covered wound metal hose. Rubber-covered 
Titeflex, when it is available, may be preferable because of greater flexi¬ 
bility. An open choke-flange junction with the choke plugged is suitable 
for small amplitudes of vibration. 

Flexure Section. —Any of the types except corrugated waveguide can 
be recommended at present, the choice depending, among other things, 
on the sharpness of bending required. The corrugated waveguide may 
some day be developed to the state where it, too, can be used. The 
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uncovered varieties of the wound metal hose and Titeflex are, of course 
excluded. 

Pressurized Unit .—On all bands, the rubber-covered wound metal, 
hose, rubber-covered Titeflex and the uncovered Titeflex can be used. 
In addition, for the 3-cm band and, it is expected, for the 1-cm band, the 
corrugated waveguide will be suitable, if certain limitations that have 
already been mentioned are taken into account. With the same restric¬ 
tions, vertebrae will be suitable at 1 cm, and perhaps at 3 cm. 

Emergency Repair Type .—For emergency repairs of damaged wave¬ 
guide, where, for instance, a piece of flexible waveguide is to be soldered 
in the place of a damaged section of rigid waveguide which has been 
removed, uncovered metal hose or Titeflex can be recommended. Nei¬ 
ther is to be considered permanent since each deteriorates rapidly. 
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TRANSITION UNITS 

TRANSITIONS FROM ONE COAXIAL LINE TO ANOTHER 

By G. L. Ragan 

It is frequently desirable to pass from one coaxial line to another 
without setting up reflections resulting in standing waves. Some of 
the variations most commonly encountered are these: (1) change of line 
size with little or no change of diameter ratio or characteristic imped¬ 
ance; (2) change of dielectric (for example, air-filled line to flexible cable), 
usually with a change of diameter ratio to preserve approximately con¬ 
stant impedance; (3) change of dimension of one conductor only with 
consequent change of characteristic impedance; (4) combinations of 
these variations. A discussion of some of the variations associated with 
the use of coaxial cables was given in Sec. 5-6. A general treatment 
of the problem will be given in the following sections. 

6*1* Tapers in Coaxial Lines.—One of the simplest ways of joining 
two dissimilar coaxial lines is by means of an intermediate taper section 
which introduces the change in 
line characteristics gradually. A 
simple example of such a taper is 
given in Fig. 6-1. If the change 
occurs gradually enough only 
negligible reflected waves should 
be generated. To a first approxi¬ 
mation this expectation is realized, 
and indeed the reflected wave 
approaches zero as the taper length approaches infinity. Frank 1 has 
shown that the reflection coefficient for a taper of length d within which 
the line constants are slowly varying is approximately 



where y is the propagation constant, Z is the characteristic impedance, 
and the subscripts 0 and d denote values at the points z = 0 and z — d. 

1 N. H. Frank, “Reflections from Sections of Tapered Transmission Lines and 
Wave Guides,” RL Report No. 189, Jan. 6, 1943. 

305 




T, 

A 'fa 

r7yyy r 7 r y7///. 

&■> 


CZ /////////, 




.//a 


Fig. 6-1. —Coaxial line taper. 
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Usually the value of the logarithmic derivatives will be discontinuous 
at the ends of the taper; the values to be used are those just inside the 
tapered portion. 

In applying Eq. (1) it is necessary to obtain expressions for y and 
Z in terms of z and then perform the indicated operations. This was 
done by Frank for the parallel-plate transmission line indicated in 
Fig. 6-2. An ideal dielectric for which k e = 2.56 fills the output line, 
and a linear physical taper of the dielectric is used. The over-all YSWR 
is given as a function of the length by the graph of Fig. 6-2. It is apparent 
that certain optimum lengths exist. These lengths—0.8X 0 , 1.2X 0 , and 



so on—are electrically equivalent to integral numbers of half wavelengths, 
the average wavelength in the taper being reduced, because of the dielec¬ 
tric, to about 80 per cent of that in free space. Lengths equivalent to 
odd numbers of quarter wavelengths lead to maximum values of VSWR. 
As the taper becomes longer and longer, the magnitude of the oscillations 
of the curve decreases and both maxima and minima approach perfect 
match. 

Since the problem just discussed deals with a transmission-line 
or TEM- mode, it applies in the limiting case of a coaxial line whose 
diameter ratio approaches unity. It would be expected to represent 
fairly accurately the situation for low-impedance coaxial lines, becoming 
less accurate as the diameter ratio departs appreciably from unity. 
The problem of dielectric tapers in coaxial line of higher diameter ratios 
may be worked out in a straightforward, though somewhat laborious, 
manner by the application of Eq. (1). 
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A problem which is much more frequently encountered is that of a 
taper between coaxial lines both of which are air-filled. In this problem 
Xo = Xd = e (2tt/X), so that Eq. (1) becomes 


J 8ir 


\\d (ln Z) 1 

\d (in Z)1 -i^\ 

IL dz Jo 

L dz ] d e \ 


( 2 ) 


ai, Au*o (jccii pL'iuucu uuu ii me taper is rnaae in sucn a way tnat 

the function In Z varies linearly over the length of the taper, Eq. (2) 
gives 


r J 8 tt d ln zl (1 

It follows that T has the magnitude 


_ted 


(3) 


(4) 


where 6 = 2-ird/X is the electrical length of the taper, 
and the relation 


1+ r 
l - r 


Equation (4) 

(5) 


may be used to determine the VSWR introduced by a given taper. The 
curve of Fig. 6-3 gives the values of r 2 , the square of the usual VSWR, as a 
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Fig. 6-3.—Standing-wave ratio introduced by tapered section of coaxial line, 75 to 46 
Ordinate is the square of the VSWR. 


function of taper length for a logarithmic taper between 46- and 76-ohm 
lines. The existence of the best taper lengths (integral numbers of half 
wavelengths) and worst lengths (odd numbers of quarter wavelengths) 
is evident. The decreasing amplitude of the oscillations of the function 
1 Microwave Transmission Design Data, Sperry Gyroscope Co., May 1944, p. 35. 
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sin 6/6 is also brought out. The “exact limiting value” indicated is not 
strictly accurate, since there will be a shunt capacity effect at the step 
in the conductors. This effect is quite important for the usual micro¬ 
wave lines (see Sec. 4-6). 

For small values of |r|, Eq. (5) becomes 


r « 1 + 2|r|. 


( 6 ) 


As a matter of fact, Frank points out that the accuracy of Eq. (6) is 
about the same as that of Eq. (1), both being based on the assumption 
that only small reflections are present. Substitution of |r| from Eq. 
(4) into Eq. (6) gives 


r « 1 + In 


Z i |sin l 


Zp 6 


( 7 ) 


It should be recalled that Eqs. (3), (4), and (7) and Fig. 6-3 apply 
only to tapers for which the function In Z varies linearly. This may be 
quite different from the usual taper in which one or both conductors 
are given a physically linear taper. For tapers involving little change 
of diameter ratio, the difference between linear logarithmic and linear 
physical taper is not great, therefore the preceding discussion represents 
either situation fairly well. 

It can be shown that for a linear physical taper, whose dimensions 
are indicated in Fig. 6T, the logarithmic derivatives appearing in Eq. (2) 
are 


f d (In Z l 60 (hi oA 

|_ dz Jo Zod y>o a 0 / 

d (In Z) 1 _ f d (In Z) 1 apbpZp 
dz Jd ~~ L dz Jo aibiZi 


( 8 ) 

( 9 ) 


Both derivatives are identically zero if 

bi _ &o. 

Ol «o 


( 10 ) 


This relation implies, of course, a taper of the constant-impedance type. 
It is evident from Eq. (2) that for such tapers, T is identically zero regard¬ 
less of taper length. For tapers whose length is an integral number 
of half wavelengths, the exponential factor in Eq. (2) becomes unity, 
so that r is proportional to the difference between the logarithmic 
derivatives, Eqs. (8) and (9). An inspection of Eq. (9) indicates that 
equality of the two derivatives results if 


aJjpZp = aibiZi. (II) 

This relation furnishes a criterion for making reflectionless half-wave¬ 
length tapers by giving the proper linear physical tapers to the con- 
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ductors. To be sure, all the quantities appearing in Eq. (11), involving 
the dimensions and impedance of the two lines to be joined, are usually 
specified in a given problem and rarely would they be consistent with 
Eq. ( 11 ). The difficulty is to design reflectionless linear tapers to 
solve practical problems. It has been suggested 1 that the general 
problem be solved by using a double taper. The procedure would be: 
( 1 ) to design an integral half-wavelength taper whose actual dimen¬ 
sions are uniquely fixed by Eq. ( 11 ), from one of the given lines to an 
intermediate line of the same impedance as the second; and ( 2 ) to pass 
directly, by means of a constant-impedance taper whose length is not 
important, from this intermediate line to the second of the given lines. 

It will usually be found more convenient to solve Eq. ( 11 ) explicitly 
for a dimension of the intermediate line, assuming o 0 , 6 0 , Zo, and Z t 
to be given. The radius &i of the outer conductor is 

6l = i , (12) 
\ Vo m i)i 

where 170 = 6 o/oo and 171 = 61 / 01 . It is convenient to choose as a refer¬ 
ence line, a line of unit outer-conductor radius 6 o and of diameter ratio 
Vo = e = 2.72. For any other diameter ratio ni the outer-conductor 
radius b x is easily determined from Eq. (12) and the corresponding radius 
Oi = 61/171 computed. The result for values of 171 between 1.5 and 6 is 
given graphically in Fig. 6-4. It is easily shown that, for any two values 
of 17 which may be chosen, the corresponding values of 6 and a read from 
these curves satisfy Eqs. (11) and ( 12 ). Hence these curves may 
be considered as giving, on a relative scale, values of 6 and a to be used 
in the design of reflectionless half-wavelength tapers between lines of 
specified diameter ratio (or impedance). 

An important fact is at once apparent in Fig. 6-4; namely, that for a 
taper between lines whose diameter ratios are in the neighborhood of 
17 = e = 2.72, little change of outer-conductor size is indicated. Fortu¬ 
nately, the lines in common use at microwave frequencies have diameter 
ratios of about this value; consequently, tapers in which the outer- 
conductor diameter remains unchanged should be good. Less than 
3 per cent change in outer-conductor size is required for any two lines 
with diameter ratios lying between 2 and 4 (impedances between 42 
and 83 ohms). 

1 A. W. Gent and P. J. Wallin, “Impedance Matching by Tapered Transmission 
Lines,” Valve Laboratory Report No. G 78, July 1944. These authors, using a 
different mathematical method, obtained Eq. (10) and the following modified relation 
in place of Eq. (11): a 0 bo = aibi. A critical comparison of their derivation with that 
of Frank which led to Eq. (1) seems desirable. Both methods involve certain approxi¬ 
mations, and it is not known which analysis leads to the more accurate result. 
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The frequency sensitivity of coaxial tapers is a matter of considerable 
importance in some applications. It is convenient to introduce this 
subject by a consideration of the logarithmic taper to which Eq. (7) 
applies. If d is chosen equal to an integer n times half the midband 



Fig. 6-4. —Design curves for reflectionless half-wave tapers. The vertical scale gives 
values of b and a on an arbitrary scale. 

wavelength X 0 , it follows from Eq. (7) that the mismatch, defined as 
r — 1, is 



For small departures of the electrical length mr\ 0 /\ from the value mr 
which it has at midband, Eq. (13) is well approximated by 

(r - 11 (14) 

This approximation to the mismatch is good to about 10 per cent for 
departures up to about 7t/4 in electrical length. In other words, it is 
this good for values of AX/X less than l/(4n). For half-wavelength 
tapers (n = 1) this amounts to a band of about +25 per cent, for one- 
wavelength tapers +12 per cent, and so forth. This result implies, of 
course, that the full-wavelength taper presents little advantage over a 
half-wavelength taper for bands narrower than +12 per cent. For bands 
appreciably broader than this, however, the longer taper offers a material 
reduction in mismatch. 
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The reflection coefficient for a linear physical taper designed according 
to Eq. (11) varies in exactly the same way with wavelength as that for a 
logarithmic taper, since both are determined by Eq. (2) and in both 
instances the logarithmic derivatives at z = 0 and z = d are equal— 
although the actual value of the derivative for the linear physical taper 
may be different from that for the logarithmic taper. As a matter of 
fact, the values will probably be found almost identical in the two types 
of tapers for most practical problems; this is true at least for the 46- to 
75-ohm taper. It does not seem profitable, therefore, to discuss the 
frequency sensitivity of the linear physical taper. It is possible, how¬ 
ever, to state that the discussion of the frequency sensitivity of the loga¬ 
rithmic taper applies here accurately. 

6*2. Transformer Sections between Coaxial Lines. —Some general 
aspects of transformers in coaxial lines have been discussed in Sec. 4-5. 


x 



(a) (b) 



In the present section specific application of these principles to the 
problem of joining two coaxial lines will be treated. In addition, the 
merits of this method of joining coaxial lines as compared with that 
of using tapers will be considered. 

In discussing the use of coaxial-line transformers it is customary to 
neglect the effect of the discontinuity capacitance arising from the fringing 
fields in the neighborhood of an abrupt change in the diameter of one or 
both conductors. It has been pointed out in Secs. 4-5 and 4*6 that 
this junction effect may be rather large; therefore, it should be taken 
into consideration if large changes in conductor size occur. 

If two lines are joined directly as illustrated by Fig. 6-5a there will 
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be introduced a VSWR equal to the ratio of the two characteristic imped¬ 
ances, if the junction susceptance B 12 between Lines 1 and 2 is negligible. 
If Zi = Z 2 the only mismatch arising will be that due to B i2 , but if the 
steps in conductor diameter are large this mismatch may not be negligible. 
Furthermore, the restricted space between inner and outer conductors is 
undesirable and in extreme cases would lead to a complete short circuit. 
In order to (1) provide impedance-matching, (2) reduce the effect of 
discontinuity capacitances, and (3) reduce the restriction of the inner- 
conductor gap, an impedance transformer section or sections such as 
those shown in Figs. 6-56 and c may be inserted. 

It has been shown in Sec. 2-14 that the condition for matching by 
means of a transformer of the type illustrated by Fig. 6-56 is 


Z 2 = VZtfz. (15) 

It is easily shown, by means of the transmission-line equation, Eq. 
(2-41), that if junction susceptances B 12 and B 23 exist at the junction 
of the lines indicated by the double subscripts, exact cancellation of the 
two susceptances will occur at the design frequency, provided that 


Bi 2 _ B 23 

Y 1 ~ Y z 


(16) 


Ordinarily the values of B 12 and B 2S will be found to be so small that 
they may be safely neglected, but it is advisable to make the steps in 
conductor size at the ends of the transformer section of comparable 
magnitude in order to take advantage of a certain amount of cancellation. 

The frequency sensitivity of a single quarter-wavelength transformer 
may be determined rather easily by applying the transmission-line 
equation. Neglecting B 12 and B 2S , the mismatch, defined as r — 1, 
introduced at a wavelength, is approximately 


' 1 ~ 2 VZJ 3 1 


(17) 


where AX is the difference between X and the wavelength for which the 
transformer is designed. For values of r — 1 below about 0.2 and values 
of AX/X below about 0.2, Eq. (17) gives r — 1 to about 10 per cent 
accuracy. 

It is of interest to compare the frequency sensitivity indicated by 
Eq. (17) with that given by Eq. (14) for a taper. For small changes in 
impedance between input and output line, Eq. (17) may be written 

7T AZ AX 
2 Z \ ’ 


(r- 1) 


(18) 
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while, with the same restriction, Eq. (14) for a taper becomes 


(r-1) 


AZ ax_ 
Z Xo 


(19) 


It is readily seen that the mismatch introduced by the transformer is 
larger by the factor tt/2. 

A greatly decreased frequency sensitivity may be achieved by using 
a two-section transformer of the type represented by Fig. 6-5c. This 
design also presents another desirable feature, which is especially impor¬ 
tant if large changes of line size or impedance are required; namely, the 
diameter changes are divided among three steps rather than two. Slater 1 
gives a good explanation of the decreased frequency sensitivity afforded 
by multiple-section transformers. He points out that in order to obtain 
this low frequency sensitivity the impedances should be chosen to satisfy 
the relation 

(D'-S)-®)' <*» 


If the junction susceptances are sizable, it seems advisable to arrange the 
conductor steps in such a way that the susceptances will satisfy the 
relation 


Bn _ B23 _ Bn 

Yx ~2VV^.Y / 


( 21 ) 


This arrangement gives cancellation at the design wavelength, and a line 
of reasoning similar to that of Slater concerning frequency sensitivity 
leads one to favor such a relation. 

It may be shown by a tedious calculation using the transmission-line 
equation that the mismatch in the input line is given, for the two-section 
transformer, by 


(r-1) 


4 VZiZ, / ' 


( 22 ) 


The accuracy of the approximation is about the same as that of Eq. (17) 
under the same restrictions. 

A comparison of the frequency sensitivity of a taper, single-section 
transformer, and two-section transformer is given by Fig. 6-6. The 
quadratic behavior of Eq. (22) makes the two-section transformer superior 
over the wavelength range presented. It is, of course, expected that the 
taper would give the best results for very broad wavelength ranges. 

In the event that the two lines joined have the same impedance but 
different diameters, a short transformer section of the type indicated in 
Fig. 6-5 d, is sometimes useful. The conductors are displaced axially 
1 J. C. Slater, Microwave Transmission , McGraw-Hill, New York, 1942, p. 57. 
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by a distance l which is chosen in order that the susceptances B l2 and B 23 
may be compensated for by the transforming action of the short section of 
line of high impedance Z 2 . It is well known that the insertion of a 
section of high-impedance line, the length of which is short compared to a 
wavelength, gives an inductive effect. The two capacitive junction 
susceptances and inductive-line section are spaced so closely together 
in terms of wavelengths that they cancel in a manner approximating 
lumped-circuit behavior. The length l may be easily determined 
experimentally; it would be rather difficult to calculate accurately because 
of the large interaction between the junctions. It is sometimes found 



8 9 io 11 12 
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Fig. 6-6 —Wavelength sensitivity of 75- to 
46-ohm transitions. 


desirable to fill the line Z 2 with a 
dielectric supporting material that 
decreases the impedance Z 2 , thus 
rendering it less inductive for a 
given length. 

There are of course endless 
variations of the transformers that 
have been presented here. In par¬ 
ticular, there are special cases in 
which either inner or outer con¬ 


ductors are the same size in the 


two lines to be joined. The use of dielectrics in one or more of the lines 


or transformer may be required or may be found desirable. 

In neither this section nor in the preceding section on tapers were 
experimental results or actual designs presented. It did not seem profit¬ 
able to do so, since the principles of design, the dimensions required, and 
the equations giving performance characteristics are quite reliable and 
complete. 


TRANSITIONS FROM COAXIAL LINE TO WAVEGUIDE 


By F. L. Niemann 

6*3. The Transition Problem.—In microwave transmission lines it is 
frequently desirable and often necessary to change from waveguide to 
coaxial line. Many components, such as duplexers, bridge circuits, and 
antenna feed horns, are more easily constructed in waveguide. However, 
many microwave oscillators have coaxial output terminals; also, it is 
frequently more convenient (at longer wavelengths, for example) to 
produce a symmetrical field for application to rotary joints by the use of 
the coaxial mode. Except in special applications, not to be treated 
here, the problem is to provide for a transition between the principal 
coaxial TEM-mode and the dominant TFio-mode in the rectangular 
guide. The field configurations for these modes are shown in Figs. 6-7a 
and b. The basic methods for exciting this waveguide mode with a 





Sec. 6-3] THE TRANSITION PROBLEM 315 

coaxial line can be used in different arrangements to excite one of the 
modes of higher order, if desired. 

The fundamental way of establishing a desired mode in a waveguide 
is the excitation of either the electric or the magnetic field identified with 



Fig. 6-7.—Field configurations for lowest coaxial-line and waveguide modes; (a) the 
principal or TEM = coaxial mode; ( b ) the dominant or TFio-waveguide mode. The 
F-lines are solid; the //-lines are dashed. The direction of propagation is into the page. 


that mode. This is done either by means of an “antenna” element 
parallel to the electric field, or by means of a loop, the plane of which is 
normal to the magnetic field. An example of each of these methods for 
the T'A'io-mode in waveguide is shown in Fig. 6-8. Although each type 
has had some application, transitions based on the waveguide antenna for 
electric coupling are much more widely used at present. 



Fig. 6-8. —Basic methods of coupling from coaxial line to waveguide for the lowest 
modes; (a) crossed transition for excitation of the electric field; ( b ) loop transition for 
coupling to the magnetic field. 


The crossed transition from coaxial line to waveguide is treated 
theoretically by Slater, 1 who has shown that a transition of this type can 
be matched by variation of the end-plate and coaxial-plunger positions, 
dimensions D and S of Fig. 6*8. In particular, the coaxial stub con¬ 
stitutes a variable reactance in series with the waveguide antenna (that 

1 J, C. Slater, Microwave Transmission , McGraw-Hill, New York, 1942, Chap. 
VII. 





316 


TRANSITION UNITS 


[Sec. 6-3 


portion of the coaxial center conductor which extends across the guide); 
and, by means of variations in the length of the short-circuited section 
of guide, it is possible to adjust the radiation resistance of this antenna. 
It is possible, therefore, to make the reactance of the antenna zero and 
its resistance equal to the characteristic impedance of the coaxial line 
whenever this is less than twice the characteristic impedance of the wave¬ 
guide. This limit holds for transitions in which the coaxial line is 
centered on the wide side of the guide. 

Other theoretical treatments 1 give methods for calculating the 
dimensions which will match the transition. These are, however, much 
more easily obtained experimentally as will be shown later. 

A modified version of this transition, in which the center conductor of 
the coaxial line extends only part way into the guide (the probe transi¬ 
tion), has also been treated theoretically, and to some extent experi¬ 
mentally, by Slater. 2 3 * Since this has proved one of the more successful 
types of transition, it will be treated in detail later. Both the crossed 
coaxial-line-to-waveguide transition and the probe transition have been 
used for the excitation of the THar-mode in round waveguide. 8 

Heretofore, the magnetic coupling has been given little theoretical 
study and the types of electric coupling used in modern practice are differ¬ 
ent from the crossed coaxial-line-to-waveguide transition which has been 
treated theoretically. Therefore, the purpose here is to describe the 
transitions most used today and to present, in terms of transmission¬ 
line concepts, the experimental techniques used in designing them and in 
matching them over comparatively broad wavelength bands. 

In practice it has usually been necessary to provide a transition from 
one of the standard coaxial lines, having an impedance of about 50 ohms, 
to one of the standard rectangular waveguides used at 3 or 10 cm. Thus, 
the impedance of the line or guide itself is seldom used as a factor in 
impedance-matching. In all standard transitions the characteristic 
impedance of the coaxial line is well within the limit required for match¬ 
ing; that is, it is considerably less than twice that of the rectangular 
guide. 

The transitions to be described are as follows: 

1. Transitions from waveguide by 3 in. OD at a wavelength of 
10 cm to coaxial lines of sizes 

1 S. Kuhn, “The Coupling between a Rectangular Waveguide Carrying an H 0 i- 
Wave and a Concentric Line,” Admiralty Research Establishment Report M439, 
Haslemere, Surrey, England, September 1942. 

* J. C. Slater, “Properties of the Coaxial-Waveguide Junction in the 725-A and 
2J51 Output,” BTL Memorandum 44-180-4, November 1944. 

3 “The Coaxial to Wave Guide Transformer,” British Royal Society Report 

G8/102/W. D. Allen, January 1942. 
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a. £ in. OD 

b. i in. OD 

c. li in. OD 

d. If in. OD. 

2. Transitions from waveguide i by 1 in. OD and waveguide f by 

li in. OD at a wavelength of 3 cm to coaxial lines of sizes 

а. i in. OD 

б. ^ in. OD. 

A discussion of these transmission-line dimensions and the factors govern¬ 
ing their choice is to be found in Chap. 4. 

6*4. Matching Techniques.—Since the techniques for matching 
transitions from coaxial line to waveguide are applicable to all types, 
they will be discussed separately, with examples for which detailed 
development data are available. The theory of impedance-matching 
at microwave frequencies is discussed in Chap. 2. The necessary experi¬ 
ments consist of measuring the magnitude and phase of the standing 
waves set up by reflections from the transition as an element in a trans¬ 
mission line terminated in a matched load. Measurements may be 
made either in the coaxial line or in the waveguide. However, measure¬ 
ments in the waveguide are preferable because the final matching may 
then be done by means of an iris which affects the power-handling 
capacity of the unit less than does a coaxial transformer. From measure¬ 
ments in the guide, the sizes and positions of these irises may be calculated 
very accurately. Measurements in the coaxial line necessitate the experi¬ 
mental determination of the iris dimensions or the use of a coaxial trans¬ 
former which further limits the breakdown power of the coaxial line. 

By the use of the Smith impedance (or admittance) chart, the data 
from these standing-wave measurements may be plotted in terms of the 
associated reflection coefficients and their phase angles. This chart also 
presents the real and imaginary components of the normalized imped¬ 
ance of the discontinuity represented by the transition. Contours of 
constant resistance (or conductance), and contours of constant reactance 
(or susceptance) appear as arcs of circles on such a chart. So it is pos¬ 
sible, by the measurement of the voltage standing-wave ratio and the 
position of a voltage minimum and by the performance of the proper 
transformations on the Smith chart, to obtain the impedance at any 
desired reference plane between the point of measurement and the transi- 
tiqn. Usually impedances are referred to the plane of the coaxial line 
(for example, in right-angle transitions) for measurements in the wave¬ 
guide and to the end of the coaxial line at the inside surface of the wave¬ 
guide wall for measurements in the coaxial line. Plots of the impedances 
or, more often, the admittances as functions of the transition dimensions 
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and as functions of wavelength, show how the dimensions must be varied 
to produce a match and how the impedance will vary with the wavelength. 

6*6. Narrowband Matching.—The matching of these transitions, 
when the sizes of the coaxial line and the waveguide are fixed, is accom¬ 
plished in one of two ways. The dimensions within the transition may 
be varied, such as the position of the waveguide short circuit (end plate), 
the coaxial stub length, or the loop size or probe depth, depending upon 
the type of transition to be used. Thus, it is usually possible to obtain 
sufficient variation of both conductance and susceptance to riiatch the 
transition at nearly any wavelength for which both the coaxial line and 

the waveguide support their lowest 
modes. This is called “narrow- 
band” matching in contradistinc¬ 
tion to the second method; in the 
latter, the transition is adjusted to 
have a certain type of variation of 
admittance with wavelength (gen¬ 
erally not matched), which may 
then be matched over a consider¬ 
ably wider band by means of a 
transformer or, more often, a waveguide iris. This is called “ broadband ” 
matching and will be discussed in detail later. 

In microwave systems, the application for which a component is 
intended determines the wavelength band over which the component 
must operate and the quality of impedance match which is required over 
this band. In receiving systems, the primary consideration is that of 
power loss. In transmitting systems the requirements are more stringent 
because reflections from an impedance mismatch which produce negligible 
power loss may seriously affect the operation of the oscillator or some 
other r-f component. Since the components described here are used 
either for transmitting alone or for transmitting and receiving, only small 
reflections can be tolerated. The usable bandwidth of a component is 
therefore defined as the wavelength range over which the voltage stand¬ 
ing-wave ratio caused by reflections from that component is 1.10 or less. 
The limit of 1.10 is imposed for design purposes; it is usually necessary 
to allow voltage standing-wave ratios as high as 1.15 on production 
models. 

The development of the probe transition from lf-in. coaxial line to 
waveguide, 1 shown diagrammatically in Fig. 6-9, provides an example 
of the narrowband matching technique. Figure 6-10 is an enlarged 
section of a Smith chart on which is plotted the admittance of this 

1 M. Clark, Jr., “Coupling between lf-in. Coaxial Transmission Line and lf-in. 
X 3-in. Waveguide,” BS Thesis, M.I.T., January 1943. 
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Fig. 6-9.—Probe transition for lf-in. coaxial 
line to waveguide. 
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transition, at a wavelength of 10.92 cm, for different end-plate positions 
and probe depths. Measurements were made in the waveguide and 
admittances are referred to the center of the coaxial line. At this point, 
variations in the end-plate distance appear as almost purely susceptive 
changes in the admittance. Variations in probe depth change both the 
conductance and susceptance at roughly the same rate. 



These measurements show that the dimensions for best match, at a 
wavelength of 10.92 cm, are 2.55 cm for the end-plate distance measured 
to the center of the coaxial line, and 1.91 cm for the probe depth measured 
from the inside of the guide to the end of the probe. It is also possible 
to estimate from these data the tolerances necessary to keep the mismatch 
below a certain limit; for example, the unit will have a voltage standing- 
wave ratio of less than 1.05 for a variation in the end-plate distance of 
±0.093 cm (0.037 in.). However, since several dimensions may vary 
in any unit, design tolerances should be considerably smaller than this. 
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Figure 6-11 is a Smith-chart plot which shows the variation of the 
admittance with the wavelength for this transition when it has the 
dimensions for best match at the 10.92-cm wavelength. The resulting 
voltage standing-wave ratios at the different wavelengths are plotted in 
Fig. 6*12. By measurements over a range of wavelengths, the dimen¬ 
sions for the best match at any particular wavelength in the 10- to 11-cm 
region can be determined. Figure 6-13 gives the end-plate distance for 
best match as a function of the wavelength for which the match occurs. 



Fig. 6-11.—Admittance as a function of wavelength for the probe transition from 
If-in. coaxial line to waveguide matched at 10.92 cm; measured in guide, plotted at center 
of coaxial line. 

Practically no variation of probe depth is required to obtain best match 
in this wavelength range. The value of 1.87 cm given for this dimension 
is the average of values having variations less than ±0.05 cm which are 
hardly significant. 

In this method, which utilizes variations of two dimensions to produce 
an impedance match at a single wavelength, the resulting bandwidth 
is determined by the characteristics of the transition at that wavelength. 
For the case in which the end plate is less than a half guide wavelength 
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from the probe, there is but one combination of end-plate distance and 
probe insertion which will match the transition at a given wavelength. 
The impedance of the short-circuited section of waveguide is, of course, 
the same, if the length of the section is increased by some integral multiple 
of half guide wavelengths. However, such an increase in the end-plate 
distance serves only to increase the frequency sensitivity of the transition. 
Additional parameters must be used, therefore, to increase the bandwidth. 



10.0 10.2 10.4 10.6 10.8 11.0 11.2 11.4 

Free-space wavelength in cm 

Fig. 6-13.—End-plate distance for best match as a function of wavelength for the probe 
transition from lf-in. coaxial line to waveguide; probe depth 1.87 cm 

An investigation has been made of the effect upon frequency sensi¬ 
tivity of terminating the probe in a sphere. Spheres of different diam¬ 
eters were attached to the end of the probe and the frequency sensitivity 
of the transition as a function of sphere diameter was measured. The 
transition becomes more frequency-sensitive as the diameter is increased, 
although the effect is small for spheres of diameters ud to about 1.2 times 
that of the coaxial center conductor. From this result, together with 
results obtained with other transitions to be discussed, it appears that 
the larger the object in the region of the transition, the greater is the 
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frequency sensitivity when the transition is matched by varying only 
two parameters. For this reason, at a given midband wavelength, the 
probe transition inherently covers a broader band than do other types of 
transitions having the same impedance discontinuity between the coaxial 
line and the guide. However, this type of transition has certain dis¬ 
advantages; it has been replaced in many applications by other types 
which, although having inherently a smaller bandwidth when matched 
by the two-parameter method, can be matched over wide bands by the 
method to be described next. 

6-6. Broadband Matching with Waveguide Irises.—There are several 
ways in which the impedance characteristics of a transition may be 
altered by the variation of more than two parameters: for example, by 
placing the coaxial line off-center, by using dielectrics, by changing the 
shape of the short-circuited waveguide section, and by matching with 
coaxial stubs. Nearly all of these methods have been developed experi¬ 
mentally for special applications. The broadband matching described 
here is a systematic method which has been applied successfully to several 
types of transitions and is, therefore, of more general interest. 

This method utilizes several important impedance properties of 
these transitions and of waveguide obstacles in general. In discussing 
these properties, it should be recalled that the use of a Smith chart 
involves a polar plot of the magnitude and phase of the reflection coeffi¬ 
cient associated with a given admittance or impedance. These two 
quantities are uniquely specified by that admittance or impedance. On 
the Smith chart they are plotted in terms of the voltage standing-wave 
ratio and the distance in wavelengths from a voltage minimum (admit¬ 
tance maximum or impedance minimum) to the desired reference plane. 
The chart also gives the values of conductance and susceptance compo¬ 
nents of any admittance. Admittance plots are used exclusively in this 
discussion because the broadband matching techniques presented involve 
the application of shunt susceptances. 

The procedure in this method is applicable to a transition which has 
been, or can be, matched by the two-parameter variation method 
described in the last section. The admittance as a function of wavelength 
over the desired band is determined for different values of these two 
parameters. This permits the adjustment of the transition admittance to 
have certain desired characteristics. The transition is then mismatched 
to a voltage standing-wave ratio between 1.5 and 2.0 and to an admit¬ 
tance function having the proper distribution in phase, to be described 
later. By performing transformations on the Smith chart of this 
admittance-vs.-wavelength function, it will be possible to find a point 
some distance along the line from the transition toward the generator at 
which the admittance is nearly constant over the desired wavelength 
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range. If this point occurs near the circle of unity conductance on the 
chart, as can be arranged by a proper initial mismatch of the transition, 
a waveguide iris or other susceptance can be used at this point to match 
the transition over the entire band. Further, it is sometimes possible, 
with the proper initial spread of voltage standing-wave ratios with wave¬ 
length, to secure a reduction in this spread by making use of the variation 
with wavelength of the susceptance of the matching element. 

To illustrate the application of this technique, the development of 
the crossbar transition from f-in. coaxial line to waveguide shown 
diagrammatically in Fig. 6*14, will be presented in some detail. This is 
essentially a modification of the probe transition, but it can be built more 
accurately and will carry more power than one of the probe type. Since 



Fig. 614.—-Crossbar transition from coaxial line to waveguide. End-plate distance and 
crossbar depth are indicated. 

it has been matched by both the narrowband and the broadband 
methods, it provides a comparison of the results obtained by these two 
techniques. 

In Fig. 6T5 is plotted the admittance as a function of wavelength, for 
this transition, for different combinations of end-plate and crossbar 
positions. These dimensions are first adjusted roughly to give a voltage 
standing-wave ratio of less than 2.0 over the band desired (10.3 to 11.1 
cm) and Curve 1 is plotted. Increasing the end-plate distance by 0.080 
in. produces the admittance function, Curve 2. Next, increasing the 
crossbar insertion 0.030 in. gives Curve 3. By a slight further adjust¬ 
ment of both of these parameters the properly centered narrowband 
match plotted in Fig. 6-16 results. This design has a VSWR of less than 
1.05 for a 2 per cent band centered at 10.7 cm. In matching over a 
broad band, of course, this intermediate step, used as an illustration of the 
narrowband method, is not necessary. It is presented for the purpose 
of comparing the methods. The transition can be adjusted directly to 
have the admittance function represented by Curve 5, Fig. 6T5. 

In mismatching the transition so that the admittance-vs.-wavelength 
function moves from Curve 3 to Curve 5, Fig. 6T5, an important property 
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of these transitions is seen. A comparison of these curves shows that, 
although there is considerable change of admittance with changes in 
the dimensions of the transition, the general distribution and relative 
orientation of points on the curves is little changed by these variations in 
dimensions. This is true, at least, when the admittance function lies 
in the region near match as obtained by the two-parameter variation 
method. In other words, to a first approximation, for comparatively 



Fig. 6-15. —Admittance of crossbar transition from i-in. coaxial line to waveguide as a 
function of wavelength and dimensions; admittance measured in guide and referred to 
center of coaxial line; Xi = 10.3 cm, X 2 = 10.7 cm, Xa = 11.1 cm. 

small changes in dimensions, the dispersion of admittance with wave¬ 
length is relatively independent of the dimensions. This means, how¬ 
ever, that the dispersion with wavelength of the standing-wave ratio 
and reflection phase angle as plotted on the Smith chart can be greatly 
reduced, simply by mismatching the transition as shown. This may be 
seen by comparing the spread of these two quantities with the wavelength 
in Curves 3 and 5. 

When the characteristic is that given by Curve 5, the transition is 
no longer matched, but the variation with wavelength of both the magni- 
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tude and phase of the reflection is considerably reduced. The curve for 
the admittance as a function of wavelength does not change appreciably 
in either size or shape in going from the matched to the mismatched 
condition. Thus, it is possible to obtain a reduction in the variation with 
wavelength of either the voltage standing-wave ratio or the reflection 
phase angle or both, depending upon the orientation of the admittance 
function and the direction on the Smith chart in which the mismatch 



Fig. 6-16.—Admittance of narrowband i-in. coaxial-line crossbar transition measured in 
guide and referred to center of coaxial line. 

occurs. However, it will appear in the following discussion that there 
are only certain ways in which the transition may be mismatched to 
permit broadband matching by the addition of a properly placed shunt 
susceptance. 

The second property utilized in this method is quite familiar and is 
characteristic of all transmission lines with reflecting discontinuities. 
It is essentially true that in transforming impedances along the line by 
rotation about the center of a Smith chart, a given physical length of line 
represents more rotation on the chart at short wavelengths than it does 
at longer ones. If the transition is mismatched in the proper manner 
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for broadband matching, it will have an admittance-vs.-wavelength 
characteristic similar to that represented by Curves 5 in Figs. 6-15 and 
6-17. Since these admittances are referred to the plane of the junction 
from measurements in the waveguide, they may be transformed along 
the guide toward the generator in the usual way (by rotation of the points 
clockwise about the center of the chart), the differences in guide wave¬ 
length being taken into account. If the admittance at midband (10.7 



Fig. 6-17.—Broadband matching of $-in. coaxial-line crossbar transition. Curve 5: 
admittance at center of coaxial line measured in guide. Curve 6: calculated admittance 
in guide at position for iris 0.339 \ g at 10.7 cm toward generator from coaxial line. Curve 7: 
calculated admittance at same point with inductive window of B = 0.45 at 10.7 cm. 

cm) is transformed as shown on Curve 6, Fig. 6-17, until it falls near the 
curve of unity conductance on the positive (capacitive) susceptance side 
of the chart, a shunt inductive susceptance such as a waveguide iris may 
be added at this point to match the transition for this wavelength. 
However, the physical distance corresponding to this electrical trans¬ 
formation represents a larger fraction of a guide wavelength (more 
rotation) at 10.3 cm, and a smaller fraction (less rotation) at 11.1 cm, 
than at midband. Consequently, the variation with wavelength of the 
admittance function is considerably less at this point than it is at the 
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junction, as is seen by comparing Curves 5 and 6, Fig. 6*17. With an 
inductive iris at this point, therefore, it is possible to match the transition 
to a small VSWR over the entire wavelength range shown. This effect 
can be utilized, of course, only if the admittance function at the junction 
of the mismatched transition has the proper variation of reflection phase 
angle with wavelength. Specifically, the admittances for the shorter 
wavelengths must have larger phase angles than those for the longer 
wavelengths. 



As mentioned previously, the variation with wavelength of the 
susceptance of the waveguide iris can be used in this method of matching 
in such a manner as to reduce the spread in the VSWR of the transition 
with wavelength. In the example given, an inductive iris is used. The 
susceptance added by such an iris is proportional to the wavelength. 
The longer the wavelength then, the greater is the susceptance added by 
an iris of given physical dimensions. If the transition, as mismatched 
for matching over a broad band, has a VSWR which increases with wave¬ 
length, more susceptance is required to match it at longer wavelengths. 
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Therefore the spread in standing-wave ratio with wavelength can be 
reduced further by adjusting the transition so that it will have such a 
characteristic, and by using an iris in this manner. This effect is better 
understood by comparing Curves 6 and 7, Fig .6-17, which show that the 
admittance function at the iris is not only centered on the chart but is 
also somewhat reduced in its spread. 



Predicted results with matching iris. (4) Experimental results with matching iris. 

Curves 6 and 7 in Fig. 6*17 are calculated from the initial admittance 
function of the mismatched transition, Curve 5, which was measured 
experimentally. Figure 6-18 shows the accuracy with which these 
calculated results may be duplicated experimentally. A comparison 
of Figs. 6T6 and 6-18 shows the difference in the results obtained by the 
narrowband and broadband methods of matching this transition over the 
same wavelength range. The voltage standing-wave ratios as functions 
of wavelength for this transition under different conditions of match are 
plotted in Fig. 6-19. This makes the same comparison in terms of 
VSWR-vs.-wavelength functions for the two methods. Also shown are 
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the amount of mismatch necessary and the type of VSWR function with 
which an inductive iris can be used to obtain this bandwidth. 

It sometimes happens, when this matching technique is used, that 
the proper reduction in the spread of the reflection phase angle with 
wavelength must be obtained by transformation of the junction admit¬ 
tance to the circle of unity conductance on the negative (inductive) 
susceptance side of the Smith chart. Matching is then accomplished 
by the use of a capacitive iris. For this, the VSWR-vs.-wavelehgth 
characteristic of the transition in the mismatched condition should be 
the opposite of that shown in Fig. 6-15; that is, the smaller ratios should 
occur at the longer wavelengths since the susceptance of a capacitive iris 
is inversely proportional to the guide wavelength. In practice, however, 
the use of the capacitive iris is avoided whenever possible, since this 
decreases the dimension of the guide parallel to the electric field and, 
therefore, decreases the voltage at which breakdown occurs. 

There are several general considerations in the use of this broadband 
matching method. It will be noted that a reduction in the spread with 
wavelength of the reflection phase angle is accomplished in two ways. 
First, considering what an admittance-vs.-wavelength plot represents on a 
Smith chart, a simple mismatch of the transition constitutes such a 
reduction. Second, because of the different rates at which the various 
wavelength-vs.-admittance points rotate on the Smith chart, the junction 
admittance may be transformed along the line to some point nearer the 
generator where this spread is less. In obtaining maximum bandwidth 
these two operations are interdependent. The form of junction admit¬ 
tance as a function of frequency when the device is matched at a given 
frequency is determined by the type of junction. If a desired reduction 
in the spread of the reflection phase angle is specified, then neither the 
extent of the mismatch nor the transformation distance (rotation) neces¬ 
sary is uniquely determined; that is, the same reduction may be accom¬ 
plished by a large mismatch and a small rotation or vice versa. In this 
connection a “large mismatch” implies a VSWR of from 1.5 to 2.0. A 
“large rotation” is, arbitrarily, one greater than a half wavelength or 
360° on the Smith chart. For example, compare Curves 4 and 5 of Fig. 
6*15. By the proper transformation along the line, the spread in phase 
of the points on either of these curves can be reduced to about the same 
amount. The transformation necessary to produce the effect, however, 
differs in the two cases. On Curve 4, to group the points on the circle of 
unity conductance in the capacitive side of the chart, so that an inductive 
iris may be used, a rotation of nearly 0.9 guide wavelengths is required. 
In the case of Curve 5, a rotation of less than 0.4 guide wavelengths 
produces the same result. Further, the average standing-wave ratio is 
less for Curve 4, but its variation of VSWR with wavelength is consider- 
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ably greater than that for Curve 5. Both these conditions are undesir¬ 
able. The first implies that only a small susceptance is required to 
center the rotated Curve 4 about the point of match on the chart. The 
second means that a larger total variation with wavelength of the match¬ 
ing susceptance is required to cancel this spread of VSWR with wave¬ 
length in Curve 4 which appears as a spread in susceptance at the point 
where the iris is added. However, the total variation, with wavelength, 
of the iris susceptance is proportional to the size of the iris. Hence the 
small iris does not appreciably reduce the spread of VSWR with wave¬ 
length in Curve 4 which was larger than that of Curve 5 in the begin n i ng . 

These alternative procedures may be compared in general for a given 
transition admittance function. If the initial mismatch is small, the 
rotation required will be large. This means that the iris will be some 
distance from the transition which makes the unit larger. The iris will 
be small and less critical as to position; but, because only a small amount 
of susceptance is required for matching, it will not take advantage effec¬ 
tively of the variation in susceptance with wavelength of the iris which, 
as has been shown, can be used to reduce the spread in the VSWR with 
wavelength. If the initial mismatch is large, the rotation required will 
be small. A large matching iris will be necessary, and its position will be 
more critical. Further, if the initial mismatch is increased too much, the 
form of the admittance-vs.-wavelength function may no longer be inde¬ 
pendent of the dimensions; and the maximum bandwidth obtainable in 
this method may be decreased rather than increased. In addition, there 
will be larger standing waves in the region between the transition and its 
matching iris. This condition may decrease the power-handling capac¬ 
ity, though tests show that the effect is very small for standing waves of 
the order occurring in the transition described in this section. All these 
properties must be considered, when the transition is initially mismatched, 
for matching over the maximum wavelength range by this method. In 
practice it has been found that the use of a comparatively large initial 
mismatch gives the best results. 

Because of the importance of the use of susceptive elements in this 
method of broadband matching, a note on their use for impedance 
matching is in order. The required susceptance may be introduced in 
the proper phase by the use of either a waveguide iris (or diaphragm) or a 
coaxial transformer. The general technique of this use of susceptance 
elements is described in Sec. 2-7. There are several reasons, however, 
for the fact that the waveguide iris has been used almost exclusively in the 
matching of transitions from coaxial line to waveguide. First, in the 
experimental development of these transitions, it is much more con¬ 
venient to insert such an iris after the transition is built when the size 
and position of the matching susceptance must be determined from 
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measurements on the transition. Second, the power-handling capacity 
of the transition must be considered. In an ideal transition, this will be 
limited only by the breakdown power of the coaxial line. In certain 
improved versions of the transitions already described this is, in fact, the 
case. High-power tests have shown that there is considerable asymme¬ 
try of the electric field for a short distance into the coaxial line from these 
transitions. Almost any discontinuity in the coaxial-line center con¬ 
ductor in this region is likely to decrease the power required to cause the 
unit to arc at high powers. Third, there is no particular advantage of the 
coaxial transformer over the waveguide iris for the measuring techniques 
required in this impedance matching. In the design of components as 
critical as these transitions, it is generally necessary to make standing- 
wave measurements on both sides of the transition to be certain that the 
line is terminated with a perfectly matched load, as well as to obtain 
measurements of the transition characteristics. For these reasons the 
impedance matching is almost never done from the coaxial side of the 
transition. 

Both symmetrical and asymmetrical irises have been used success¬ 
fully in this matching. The asymmetrical iris is, of course, much simpler 
to use than the symmetrical iris, and its size and position can be calcu¬ 
lated just as accurately. However, because of the amount of the next 
higher waveguide mode—the 7T? 2 o-mode—which it excites, it should be 
avoided whenever the iris is placed too close to the transition or any other 
waveguide discontinuity such as a choke-flange coupling. The “safe” 
distance depends upon both the susceptance of the iris and the wave¬ 
length. The field strength of the second waveguide mode excited by such 
an iris increases with the size of the iris; and the rate of its attenuation 
decreases with the wavelength. For example, the amount of the TE 20 - 
mode set up by an asymmetrical iris having a susceptance of 0.70 (equiva¬ 
lent to a VSWR of 2.0) is attenuated to 1 per cent (40 db) of that for 
the 7T?io-mode incident upon the iris in 0.60 free-space wavelengths at 
10.0 cm. At 9.0 cm the corresponding distance for the same conditions 
is 0.82 wavelengths, and at 8.0 cm it is 1.29 wavelengths. These figures 
are given for the standard rectangular tubing l£ by 3 in. by 0.080-in. wall 
used as a waveguide at 10 cm. This has a cutoff wavelength of 7.22 cm 
for the 7T?20-mode. At the 3-cm wavelengths now used for radar, and 
with the standard rectangular tubing i by 1 in. by 0.050-in. wall having a 
cutoff wavelength for the second mode of 2.29 cm, the effect is not so 
critical since those wavelengths are proportionately farther from cutoff. 
An asymmetrical iris used to match a voltage standing-wave ratio of 
1.5 to 2.0 should not be placed closer than a quarter guide wavelength to a 
discontinuity, when the free-space wavelength is greater than the cutoff 
wavelength of the TT^o-waveguide mode by 15 per cent or less. The 
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theory of (and data for) the use of the asymmetrical waveguide iris is 
developed elsewhere. 1 

6*7. Broadband Matching with Coaxial Stubs.—It is possible by 
means of a properly placed narrowband coaxial stub support to improve 
considerably the match of a transition, from coaxial line to waveguide 
over a given band. By narrowband stub support is meant one not 
having a broadband coaxial matching transformer such as that described 
in Sec. 4-4. The reason for the use of the narrowband stub will appear 
in this discussion. Although used in only one specific application, this 



4 (approx.) 

Fig. 6*20.—Probe transition for f-in. coaxial line to waveguide with coaxial matching stub. 

method should be applicable to all transitions having the proper junction 
admittance function. However it is neither so simple and convenient 
mechanically, nor so effective electrically, as the method described in the 
last section. 

This method is particularly applicable to high-power transitions, 
which, operated at powers too high for beads, require a stub support on the 
center conductor whether or not this stub is used in the matching of the 
transition. It consists of reducing the variation of susceptance with 
wavelength of the probe transition by means of a quarter-wavelength, 
coaxial, short-circuited section (stub support) properly placed in shunt 
with coaxial line. The susceptance function of such an element is 

1 A. E. Heins, “The Susceptance of Asymmetrically Located Windows in Rec¬ 
tangular Wave Guides,’* RL Report No. 183, October 1942; N. H. Frank, Wave Guide 
Handbook, Sec. Ill, RL Report T-9, November 1942; W. Sichak, “One Sided Inductive 
Irises and Quarter-wave Capacitive Transformers in Waveguide,” RL Report No. 
426, November 1943. 
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nearly the same form as that of the probe transition alone; but it has the 
opposite sign with respect to wavelength. 

The method was used in the broadband matching of a transition 
beween f-in. coaxial line (with f-in. center conductor) and the standard 
by 3-in. rectangular waveguide in the region of 9 cm. The construction 
of this unit is shown in Fig. 6-20. The design was developed in the follow¬ 
ing manner. The probe transition, without the coaxial stub support, 



Fig. 6-21. —Admittance as a function of wavelength for f-in. coaxial-line transition, 
measured in coaxial line. Curve I: admittance at junction (see Fig. 6-20). Curve II: 
admittance approximately f X away from junction in coaxial line. 

was matched at 9.1 cm by variation of the probe and end-plate positions, 
dimensions P and D in Fig. 6-20. (The probe was supported from the 
input end of the coaxial slotted section used for measuring standing 
waves.) The admittance of this transition, measured from the coaxial 
side and plotted at the reference plane indicated in Fig. 6-20, has the 
characteristics shown as Curve I on the Smith chart, Fig. 6-21. Approxi¬ 
mately three-eighths of a wavelength back in the coaxial line (rotation 
toward the generator on the chart) this transforms into the admittance 
function shown as Curve II. This is almost a purely susceptive variation 
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with wavelength, having negative (inductive) susceptances for wave¬ 
lengths shorter than 9.1 cm and positive (capacitive) susceptances for 
those longer. A quarter-wavelength short-circuited section of line added 
in shunt at this point will have a similar variation in susceptance but 
one of opposite sign with respect to wavelength. This is seen from the 



Fig. 6-22.—Calculated admittance as a function of wavelength at center of f-in. coaxial 
stub. Admittance is that of stub alone. 


formula for the admittance of short-circuited section of lossless trans¬ 
mission line. 


F 0 


. + 2 t rl 

-jcot-T 


The calculated admittance as a function of wavelength for such a 
stub is plotted in Fig. 6-22 for the same wavelength range over which 
the transition was measured. A broadband stub support does not have 
this characteristic, and therefore it cannot be used for matching in this 
way. When the stub and probe susceptance functions are combined in 
the proper phase, the variation of match of the combination is consider¬ 
ably reduced over that of either unit alone, as shown in Fig. 6-23. The 
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Fig. 6-23.—Admittance as a function of wavelength for f-in. coaxial stub-supported 
probe transition measured in coaxial line and referred to center of stub. Admittance is for 
combination of transition and stub. 

maximum voltage standing-wave ratio over the range measured has been 
reduced from 1.13 to 1.07. This 
effect in terms of VSWR as a func¬ 
tion of wavelength is shown in Fig. 

6*24. Further improvement 
could probably be effected by 
using a stub of characteristic im¬ 
pedance different from that of the 
line and by redetermining the stub 
position and the transition dimen¬ 
sions for proper centering of the 
match in the range measured. 

However, since this result was 
adequate for the requirement at 
the time, no further improvement 
was attempted. Further, it is possible to match this transition over wider 



as a function of wavelength for probe 
transition from f-in. coaxial line, stub-sup¬ 
ported, to waveguide. 
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wavelength bands, or to adapt it to other bands by the use of the wave¬ 
guide matching iris in the manner described in the last section. A sum¬ 
mary of these results will be given later. 

6*8. Tuning Adjustments.—The earliest transitions from coaxial line 
to waveguide, which were usually of the crossed coaxial-line-to-waveguide 
type shown in Fig. 6-8, were quite frequency-sensitive and were, therefore, 
built with adjustable plungers in the waveguide and coaxial short- 
circuited sections so that the transition could be tuned to the desired 
frequency. These were soon replaced by fixed-tuned transitions of 
somewhat different types, which are better matched over a broad band. 
It has been found that when bandwidths of about 10 to 20 per cent are 
desired, the dimensions of such transitions are critical; and it is difficult 
to duplicate the impedance characteristics of the original design. This 
realization led to the development of a method for adjusting the match 
of subsequent experimental and production units to obtain mayimmn 
bandwidth and optimum match. 

Since the amount of tuning required is generally small, and because 
they are easily constructed and have a smaller effect than other tuners 
on the power-handling capacity of the units, waveguide tuning screws 
are used as the final matching adjustment on some of these transitions. 
The general use of screws as tuning elements is discussed in Sec. 8-14. 
Application to transitions from coaxial line to waveguide will be pre¬ 
sented here. 

In building a number of 10-cm broadband transitions to the same 
design, it has been found that the matching iris dimensions required to 
give the maximum bandwidth or the optimum match over a given broad 
band vary as much as ±0.040 in. in both position and aperture, indicating 
that the transition characteristics are not identical with those of the 
original design. However, in most instances it is possible, by the calcula¬ 
tion of new iris dimensions from measurements on the transition without 
the matching iris, to obtain bandwidths and degrees of match quite 
comparable with those of the original design model. By a slight adjust¬ 
ment, then, of the amount and phase of the matching susceptance, it 
would be possible to match, over a broad band, transitions which do not 
duplicate exactly the characteristics of the original design. This match¬ 
ing can be done much more easily with tuning screws than by the calcula¬ 
tion of new matching iris dimensions from standing-wave measurements 
on the transition. Further, when so tuned, the screw tuners can be 
locked or soldered and no further adjustment is necessary. This tech¬ 
nique has proved very useful in the laboratory; it also expedites the 
production of satisfactory units using these transitions, such as mag¬ 
netron couplings, antennas, and rotary joints. This technique should 
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not be used, however, as a substitute for the development of accurate 
production assembly methods. 

One arrangement which has been used effectively is that shown in 
Fig. 6-25. With screws of fairly large diameter (about 1 in. at 
10 cm), it is possible to obtain quite large capacitive susceptances and 
inductive susceptances of the order of 0.15 (normalized) or slightly 
larger. In the arrangement shown, these screws are in the center of the 
wide side of the guide, one centered on the matching iris, and the other 
one-eighth guide wavelength away toward the transition. Each screw 
can be moved from about 0.2 in. projection into the guide to about 1 in. 
back into its housing. This gives a continuous variation in susceptance 



Fig. 6-25.—Tuning screws for adjusting match of 10-cm transition. 


from about +0.3 capacitive to about —0.15 inductive. In the figure, 
one screw is shown in the position which gives maximum inductive 
susceptance and the other in the position for a capacitive susceptance. 
Capacitive susceptances which are considerably larger than the value 
given are obtainable with such a screw. However, the value given for 
the inductive susceptance is about the maximum that may be obtained 
from a screw of this diameter at 10 cm. This limits the magnitude of 
admittance variation which may be produced in any phase by two screws 
used in this manner. 

The screw centered on the iris produces at this point a variation of 
susceptance which is effectively an adjustment of the iris aperture. The 
other screw gives a variation of susceptance one-eighth guide wavelength 
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away. This appears at the iris as a change in conductance which effec¬ 
tively adjusts the iris position. 

Since the mismatch which is to be canceled may occur in any phase, 
the limiting factor of this device is the maximum inductive susceptance 
obtainable with a given size screw. With the 10-cm screw tuner described 
above, a reflection of any phase may be reduced by a factor of about 
1.15 in terms of the voltage standing-wave ratio. Similar results are 
obtained at 3 cm when the dimensions are scaled according to the guide 
wavelengths. Screws of larger diameter have been used to obtain a 
greater inductive susceptance, but these do not give purely susceptive 
tuning when used to introduce capacitance; sometimes, they actually 
produce a shunt resonance. Screws of the size discussed above are about 
the optimum for applications in which the same diameter screw is used 
for capacitive and inductive tuning. Other types of screws for general 
application are discussed in Chap. 8. 

This type of tuning adjustment can, of course, be applied equally 
well to other devices, particularly to transitions matched by the narrow- 
band method. In each type this amount of corrective tuning on produc¬ 
tion units has proved sufficient to bring the voltage standing-wave ratios 
well within the desired limits which are usually 1.10 and 1.15. 

This method of adjusting the final match of these transitions is 
particularly simple and convenient for narrowband matching. The 
reflection from the transition is measured at the proper frequency and 
the screws are adjusted to give a minimum standing-wave ratio and then 
soldered in position. This is a feasible production technique. Broad¬ 
band matching however, which is more often necessary, is more difficult 
to accomplish by this method. In this case, it is necessary to make a 
plot of admittance vs. wavelength, or to obtain the equivalent informa¬ 
tion by means of a microwave impedance bridge, an instrument which 
measures the voltage standing-wave ratio simultaneously at several 
different frequencies in the desired band. The reason for this procedure 
may be seen by reference to Fig. 6T7 or to Fig. 6-18. The transition 
can be adjusted, by means of the screw tuner, to have a standing-wave 
ratio of unity at midband (10.7 cm). This would occur, however, through 
the addition of capacitive susceptance which would shift the entire curve 
upward and cause the mismatch at the ends of the band to increase. 
Therefore the screw tuner must be used to center the admittance curve 
for a broadband transition about the point of match on the chart, rather 
than to match it at a specific wavelength. 

6*9. Examples of Transition Construction. —Many mechanical 
arrangements have been employed in the construction of coaxial-line-to- 
waveguide transitions with differences depending upon the application 
and the conditions under which the unit is to be operated. A number 
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of these are diagrammed in Fig. 6-26 for easy reference and in order to 
facilitate comparisons between different designs. By adjustment of 
the proper dimensions, it is possible to obtain an impedance match for 
nearly any geometrical shape of transition region, at nearly any wave¬ 
length in the range for which the waveguide and coaxial line support only 
their lowest modes. However, the impedance characteristics of different 
types of transitions differ considerably for wavelengths, in the region of 
that for which the transition is best matched. Since the transition 
dimensions are usually critical, and since there are few instances in which 
a desired type of electrical characteristic cannot be obtained with one 
of the geometrically simple constructions shown, the practice has been 
to use the simplest possible arrangement by which a given impedance 
characteristic can be obtained. Most of the transitions shown in Fig. 
6*26 are based on the waveguide antenna or electric-coupling method 
described in Sec. 6-3. However, the distinction between this and the 
magnetic or loop-coupling method is hardly significant in some of the 
more complicated constructions. 

640. Crossed Transitions from Coaxial Line to Waveguide.—The 
earliest method of providing a transition from the principal coaxial mode 
to the lowest rectangular (or round) waveguide mode is the crossed line 
and guide transition shown in Fig. 6-26o. As discussed in Sec. 6-3, 
matching is accomplished by adjusting the lengths of the waveguide and 
coaxial-fine short-circuited sections, dimensions D and S in the figure. 
In the region of match, this transition has always proved very frequency- 
sensitive and, therefore, has been used either as a tunable device or as 
a narrowband fixed-tuned transition. Figure 6-27 shows the detailed 
construction and electrical characteristics for this type of transition 
between ^Vm. coaxial fine and rectangular waveguide ^ by 1 in. by 
0.050-in. wall in the 3-cm region. Measurements for its development 
are made in the waveguide; and a long length of RG-9/f7 cable (see 
Sec. 5*1) is coupled to the coaxial fine with a type N connector, UG-58/C/ 
(see Sec. 4-2), used as the coaxial load. The mismatch of the cable 
section was about 1.14 in voltage at 3.2 cm. This design met require¬ 
ments for a rugged, easily constructed transition matched reasonably 
well for a narrow band. It has been used in microwave test equipment 
as a low-power, type N connector to 3-cm waveguide adapter. 

Another type of crossed coaxial-line-and-waveguide transition, tuned 
in another way, is that shown in Fig. 6-266. In this unit the outer con¬ 
ductor of the coaxial fine extends into the waveguide from both sides, 
forming a tunable coupling gap. It is used as a tuning device to match 
power into a coaxial crystal mount in a 3-cm standing-wave detector. 
Tuning is accomplished by varying the coaxial stub length S and the gap 
in the coaxial fine G. It is a narrowband tunable device; its charac- 
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teristics are, of course, also determined by the position of the waveguide 
short circuit which is fixed in this unit. By making all three dimensions 
variable, it should be possible to adjust the bandwidth to some extent, 
as well as to match the transition at a given wavelength. This, however, 
is an unnecessary complication in a tunable device. 
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Dimensions used in matching 
A-Iris aperture 
D- End-plate distance 
G- Coupling gap 
H- Contour height 
L-Loop size 
P- Probe insertion 
it-Iris position 
S-Coaxial stub length 


Fig. 6-26.—Transitions from coaxial line to waveguide, (a) Crossed transitions from 
coaxial line to waveguide; (b) crossed transition with adjustable gap G; (c) probe transition 
with broadband stub support; (d) broadband probe transition with matching stub support 
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6*11. Probe Transitions.—In terms of the impedance match and the 
bandwidth obtainable without special matching techniques, the probe 
transition is the most desirable type and has had considerable application 
in microwave systems and test equipment. Some of the possible differ¬ 



ed CO 


(e) bead-supported probe; (/) dielectric-supported probe; ( g ) crossbar transitions; ( h ) 
wine glass or Grecian urn; (i) hemisphere; (i) Emplane loop coupling; (fc) H-plane loop 
coupling; (2) resonant-slot coupling. 
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ent constructions of this transition are shown in Figs. 6-26c to /. The 
chief problem involved in the design of such a transition is the support 
of the coaxial center conductor which should not limit the power-handling 
capacity of the unit to less than that of the transition itself. 

Figure 6-26c shows a method of supporting the center conductor of 
the coaxial line by means of a quarter-wavelength coaxial stub having a 
half-wavelength coaxial transformer for broadband matching of the stub 
only. Such a stub is very well matched (VSWR less than 1.05) over as 



Fig. 6-27.—Voltage standing-wave ratio characteristics of adapter from type N connector 
to waveguide. 

much as a 30 per cent band and is the basis of the broadband stub- 
supported coaxial line discussed in Chap. 4. The characteristics of the 
transition are very little affected by the presence of the stub, and the 
coaxial line is broken in the figure to indicate that the position of the stub 
along the line is unimportant. However, in order to support the probe 
accurately, the stub should be placed as close to the waveguide as possible. 
On the other hand, it probably should not be designed to come less than 
a half wavelength from the transition in order that the higher modes set 
up in the region of such discontinuities are damped sufficiently to prevent 
interference with the functions of either the stub or the transition. The 
development of this transition and its electrical characteristics have been 
discussed in detail in Secs. 6-5 and 6-7. Typical plots of voltage 
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standing-wave ratio vs, wavelength for probe transitions from lf-in. 
and £-in. coaxial lines are to be found in Figs. 6*12 and 6*24, respectively; 
such a plot is shown in Fig. 6-24 by the curve labeled “probe transition 
only.” This type of transition has been used successfully in units requir¬ 
ing transitions from coaxial line to waveguide at both 10- and 3-cm 
wavelengths. 

The effect obtained in using a narrow-band coaxial stub support to 
reduce the frequency sensitivity of a probe transition has been discussed 



Fig. 6-28.—Probe transition from f-in. coaxial line to waveguide with simple stub 
support. Curve I: original design. Curve II: average for two production units Of original 
design. Curve III: transition matched with iris for 9.6 to 11.1 cm (average of three 
individually matched units). Curve IV: transition matched with iris for 8 to 12 cm 
(average of two individually matched units). 

in Sec. 6-7. The basic construction of this transition is shown in Figs. 
6-20 and 6-26d. The application of this technique to the probe transition 
from £-in. coaxial line to waveguide, described previously, has resulted 
in a particularly useful transition in the 10-cm region. Its properties 
are given in the VSWR-vs.-wavelength plot in Fig. 6-24 and by Curve I, 
Fig. 6*28. By the use of matching irises in the manner described in 
Sec. 6*6, it has been possible to adjust the frequency of best match and, 
to some extent, the bandwidth of this transition over a considerable 
range. This has been done without variation of the transition-matching 
dimensions (end-plate distance, probe insertion, and stub position) from 
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those of the original design. Results of these further modifications are 
given in Fig. 6-28. Curve II is voltage standing-wave ratio as a function 
of wavelength, averaged from two production units made to the original 
design, but measured over a considerably wider wavelength range that) 
that for which the transition was intended. To meet requirements for 
transitions handling appreciable power and being sufficiently well 
matched, in the 9.9- to 11.1-cm band, to be used for measuring equip¬ 
ment, three production models were individually matched with waveguide 
irises. Each transition was measured over this band, and separate 
matching irises were calculated for each one. The results for these three 
transitions are averaged in Curve III. A similar type of experimental 



development is shown in Curve IV. In this instance an attempt was 
made to secure the best possible match over the entire 8- to 12-cm wave¬ 
length range by the use of matching irises. This was done with two 
production units built to the original design for the stub-matched probe 
transition. 

Although the coaxial-stub method of supporting the center conductor 
does not limit the power-handling capacity of the probe transition 
(which is generally less than that of the coaxial line itself), it has another 
disadvantage. The electrical characteristics of these transitions are 
sensitive to the centering and insertion of the probe. These dimensions 
are particularly difficult to hold accurately in assembly since the sup¬ 
porting stub is some distance from the transition region. Because of 
this fact and because the probe transition has a lower breakdown power 
than the coaxial line, this transition has been replaced by other types in 
applications where high power is used and a very good match is required. 
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In instances where power limitations and sizable reflections are not 
serious considerations, such as in certain test equipment, the probe may 
very conveniently be supported by a dielectric (usually polystyrene) as 
shown in Figs. 6-26e and /. The bead shown in Fig. 6-26e is frequently 
part of a type N coaxial connector in *&-in. line. The outer-conductor 
diameter is increased at the bead in order to maintain a 50-ohm charac¬ 
teristic impedance in the dielectric-filled region. The length of the 



Fig. 6*30.—-Adapter from type N connector to 3-om waveguide (dielectric-supported 
probe transition). 

bead is a quarter wavelength in the dielectric so that the capacitive mis¬ 
match occurring at one end cancels that at the other. This transition has 
been used extensively in test equipment and other low-power microwave 
applications at both 10- and 3-cm wavelengths. Figure 6-29 shows the 
detailed construction of a typical adapter from type N coaxial connector 
to waveguide with a representative plot of the VSWR as a function of 
wavelength for the design matched at about 9.5 cm. Table 6T gives 
the dimensions for matching at other wavelengths. Relative to other 
types of transitions these adapters are limited by the inconsistencies 
and frequency sensitivity of the type N connectors, but they have been 
Table 6-1.— Dimensions foe Adapter from Type N Coaxial Connector to 


Waveguide* for Best Match at Various Wavelengths 


X 

Coaxial line, 
in. 

Waveguide, 

in. 

B, 

in. 

D, 

in. 

P, 

in. 

Band 

VSWR < 1.10, 
% 

3.3 

0.296 0.125 

H X 1 X 0.050 

0.500 

0.310 

0.260 

±1 

9.5 

0.296 0.125 

1 H X 3 X 0.080 

0.143 

0.707 

0.765 

±3 

11.0 

0.296 0.125 

1H X3 X 0.080 

0.143 

0.725 

0.862 

±3 


* Sm Fig. 6*20. 
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widely used in low-power microwave systems. A bead-supported 3-cm 
adapter of this type and one having a crossed coaxial-line-and-waveguide 
transition are pictured in Fig. 6-30. 

A somewhat more rugged and accurate method of supporting the 
probe by means of dielectric is that shown in Fig. 6-26/. The detailed 
construction and electrical characteristics of this type of transition used 
as a type N coaxial-connector-to-waveguide adapter are shown in Fig. 

6-31; those dimensions which are 
more important in matching are 
indicated. In this design the size 
of the coaxial line varies for struc¬ 
tural reasons, but a 60-ohm 
characteristic impedance is main¬ 
tained in both the air- and dielec¬ 
tric-filled regions. Matching was 
accomplished by varying the end- 
plate distance, the probe insertion, 
and the length of the dielectric 
support. This adapter has proved 
to be a superior type at 3-cm 
wavelengths; the same construc¬ 
tion has not yet been used for 
10-cm applications. It is consis¬ 
tently better matched for a 
broader band in production than 
the types discussed above, prob¬ 
ably because of the more accurate 
method of positioning the probe. 

6-12. Crossbar Transitions.— 
In order to simplify the construc¬ 
tion of coaxial-line-to-waveguide transitions and to permit a more accurate 
support of the center conductor, the “crossbar” transition, 1 shown in 
Fig. 6-260, was developed for use in a 3-cm coaxial rotary joint of 
70-ohm characteristic impedance with transitions to waveguide on either 
end. Dimensions and voltage standing-wave ratio characteristics for this 
transition are given in Fig. 6-32. In this development it was possible to 
achieve an adequate impedance match and bandwidth without resorting 
to additional matching elements such as waveguide irises or coaxial trans¬ 
formers. This same type of transition, for wavelengths near 10 cm using 
standard waveguide and |-in. coaxial line having a characteristic imped¬ 
ance of 50 ohms, has proved considerably more frequency-sensitive. 

1 C. F. Edwards, “Preliminary Report on a Waveguide Rotary Joint,” BTL 
Memorandum 43-160-120, July 1943. 



Fig. 6-31,—Type N coaxial connector to 
3-cm waveguide probe transition. 




Voltage standing-wave ratio g VSWR 
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Wavelength in cm 

l .—Crossbar transition from 3-cm coaxial line to waveguide (data from Ref. 6). 


50-fl coaxial line 








348 


TRANSITION UNITS 


[Sec. 6-12 


Table 6-2.-—Dimensions for Curves Shown in Fiq. 6-33 


Curve 

D , in. 

P, in. 

R, in. 

A, in. 

Band, cm 
(VSWR < 1.10) 

I 

0.696 

0.509 



9.25 + 4% 
10.7 ±2% 
10.2 to 11.2 

II 

1.670 

0.653 



III 

0.530 

0.705 

2.200 

2.120 


One method of matching this transition over a broad band by means of a 


waveguide iris has been described 



1 


in Sec. 6-6. A summary of the 
different design dimensions for 
crossbar transitions in the 8- to It¬ 
em wavelength region may be 
found in Fig. 6-33 and in Table 
6-2. The broadband model is 
pictured in Fig. 6-34* 

The differences in the proper¬ 
ties of the transitions shown in 
Figs. 6-32 and 6-33 is easily under- 
stood in terms of the relative guide 
wavelengths. First, the formula 
for the guide wavelength is 



Fig. 6-34. —Broadband crossbar transition where Xo is the free-space wave- 

from |-in. coaxial lino to waveguide. , ~ 

length, and X c is the cutoff wave¬ 
length (equal to twice the inside wide dimension of the guide). Now, as X 0 
approaches X c , the rate of change of X„ with Xo will increase; that is, the 
nearer the waveguide component is operated to the cutoff wavelength, 
the more frequency-sensitive it becomes. The ratio of free-space to 
cutoff wavelength for the three different transitions is as follows: 


Xo (Inidband), cm 

Xo/X„ 

3.3 

0.579 

9.2 

0.637 

10.7 

0.741 


If all dimensions of the different transitions were scaled according 
to the wavelength, the electrical properties, of course, would remain 
unchanged. This method has been used to great advantage in special 
applications where a component of the desired characteristics has been 
developed for another wavelength. However, the waveguide and 
coaxial-line sizes for the different wavelength bands are predetermined 
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and usually are not in the correct ratio for “scaling,” in terms of guide 
wavelengths. In comparing these crossbar transitions, the effect is 
complicated even further by the difference in the characteristic impedance 
of the coaxial line which is 70 ohms for the 3.3-cm transition and 50 ohms 
for the other two. 

6*13. “Doorknob” Transitions.—The only limit on the power which 
may be safely transmitted by a coaxial-line-to-waveguide transition under 
given conditions should be that imposed by the breakdown voltage of 
the coaxial line alone. Although the crossbar transition can carry 
more than twice the power of which the stub-supported probe transitions 
are capable, this desired maximum power limit was not obtained with 
either design. In order to achieve this, a transition 1 was developed 
in which the center conductor of the coaxial line terminates on the oppo¬ 
site side of the guide (for an A'-plane, right-angle transition) in a knob of 
the proper size to permit impedance-matching and of a “streamlined” 
shape to increase the power required for breakdown. This general type of 
transition, two versions of which are shown in Figs. 6-26 h and i, is 
widely known as the “doorknob” transition and occasionally by more 
colorful names which identify different shapes of doorknobs. 

The doorknob may be thought of as an “inverted” stub in a crossed 
coaxial-line-and-waveguide transition. The purpose of this stub is to 
match the susceptance (as measured in the coaxial line) of the “antenna” 
(that portion of the coaxial center-conductor extending across the guide) 
which excites the waveguide, as discussed in Sec. 6-3. The proper shunt 
susceptance for this matching can be added by “building up” the inside 
of the guide in this region as well as by using a short-circuited section 
of coaxial line having the proper input susceptance. Further, as might 
be expected, this arrangement proves slightly less frequency-sensitive 
than one in which the susceptance matching the waveguide antenna 
depends upon the electrical characteristics of an appreciable length of 
coaxial line. 

This type of construction has very successfully improved the power¬ 
carrying capability of the coaxial-line-to-waveguide transition to the 
point where it is limited only by the breakdown power of the coaxial 
line. An extensive series of high-power tests on different types of door¬ 
knob transitions has been made under a number of different conditions of 
pressure, standing waves, and ionizing radiation. These have shown 
that a well-made transition of this type, operating in a reasonably 
well-matched transmission line, will break down only at powers necessary 
to cause arcing in the coaxial line. These transitions have had wide 

1 N. A. Schuster and G. L. Hollingsworth, “ Development of an Improved Con¬ 
version Unit for Coaxial Line to Waveguide Feed,” General Electric Co. Engineering 
Memorandum EMT-521, January 1943. 
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application in 10-cm waveguide systems using magnetrons with coaxial- 
output or coaxial-mode rotary joints. This construction also has been 
used in 3-cm rotary j oints and in certain test equipment. It has been used 
in 1-cm applications, chiefly as a means of matching power into a crystal. 
Some of these applications are largely experimental, and such transitions 
generally have adjustable dimensions to permit tuning. 

When matched only by adjustment of the transition dimensions (end- 
plate distance, and doorknob size and shape), these transitions are 
comparatively narrow band; that is, they have a VSWR of less than 1.10 
for a bandwidth of only a few per cent. By mismatching the transition 
and matching over a broad band with a waveguide iris, in the manner 



9.4 9.6 9.8 10.0 10.2 10.4 10.6 10.8 11.0 11.2 11.4 


Wavelength In cm 

Fig. 6-35. —Doorknob transition from lf-in. coaxial line to waveguide. Curve I: 
narrowband model (data from Ref. 7). Curve II: average of four design models for 
broadband transition. 

described in Sec. 6-6, bandwidths of the order of 10 to 20 per cent are 
obtainable. This has been done for a number of different 10-cm transi¬ 
tions; it has not been done, to any extent, for the 3-cm transitions 
since coaxial line is seldom used in high-power applications at this 
wavelength. Requirements for the match are not so stringent for low- 
power transitions. 

Although the doorknob transition is quite satisfactory in terms of 
its power-handling capacity and bandwidth (if properly “broadbanded” 
with an iris), it is extremely critical as to dimensions. Since the specifica¬ 
tions for its construction are detailed, they cannot be included here. 
However, some representative electrical characteristics for different 
designs will be presented with references from which more detailed 
design information may be obtained. 

Figure 6*35 shows the voltage standing-wave ratio as a function of 
wavelength for two designs of doorknob transitions from lf-in. coaxial 
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line to standard 10-cm waveguide. Both have the same general con¬ 
struction shown in Fig. 6-26 h. The characteristic of the narrowband 
model is plotted as Curve I. This design differs from that for the 
broadband model in that it has no matching iris and has a flat end plate 
some distance farther from the doorknob than is the semicircular end 
plate in the broadband model. These curves show the frequency 
sensitivity of the basic design of doorknob transition in this wavelength 
range as well as the improvement which may be obtained by broad¬ 
band matching with an inductive waveguide iris. Curve II for the 
broadband model is the average of the data taken from measurements on 
four units for which individual matching irises had been calculated. 



Fig. 6-36.—Doorknob transitions from f-in. and li-in. coaxial line to waveguide. 
Curve I: average for four preproduction models individually matched for maximum 
bandwidth, f-in. coaxial line. Curve II: average for 10 preproduction models of same 
design as for Curve I, but with different iris for longer wavelengths, f-in. coaxial line. 
Curve III; design model li-in. coaxial transition hemispherical doorknob. 

Some results for doorknob transitions with different sizes of coaxial 
line at different wavelengths in the 10-cm region are shown in Fig. 6*36. 
Curve I represents the characteristics of the broadband f-in. coaxial- 
line-to-waveguide doorknob transition which has the same general 
design in the transition region as that discussed above and shown in Fig. 
6-26 h. This result was obtained in the usual way, by varying the 
transition dimensions to give the proper mismatch and by matching with 
a waveguide iris calculated to give the maximum bandwidth. Curve II 
is the characteristic curve of the same transition design with a slightly 
different position of matching iris to improve the match in the region of 
11 cm. It should be noted that this can be done only at the expense of a 
standing-wave ratio with a slightly higher average over the band and a 
somewhat decreased bandwidth. Curve III is the VSWR as a function 
of wavelength for a hemispherical doorknob transition from lf-in. 
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coaxial line to waveguide for use in the 8- to 9-cm band. This has the 
construction shown in Fig. 6-26*. 

Similar transitions have been built for 3-cm wavelengths, though 
they have had far less application than those for 10 cm. So far, little 
work has been done in attempting to increase the bandwidth of these 
transitions by means of a waveguide iris. Figure 6-37 shows the voltage 
standing-wave ratio as a function of wavelength for two experimental 
models of doorknob transitions matched in the region of 3.2 cm. Both 
of these were matched by adjustment of the end-plate position and shape 
and the doorknob size and shape. One form was used 1 at the Tele- 



Fig. 6-37.—Doorknob transition from 3-cm coaxial line to waveguide. Curve A : British 
(TRE) hemispherical doorknob transition similar to Fig. 6-26i except that a semicircular 
end plate and no matching iris are used. Curve B : General Electric transition similar to 
Fig. 6-26A without matching iris. 

communications Research Establishment in matching power from 
3-cm waveguide into a thermistor for low-level power measurements. 
It has a hemispherically shaped doorknob similar to that shown in 
Fig. 6-26t, and a semicircular end plate very close to the doorknob, similar 
to the arrangement shown in Fig. 6-26 h. An improved design has been 
developed, but the details are not yet available. The transition as 
developed at the General Electric Company 2 has the same general con¬ 
struction as that shown in Fig. 6-26 h but with no matching iris. This 
was an experimental development intended for use in a 3-cm coaxial-mode 
rotary joint. 

1 P. R. Tunnicliffe, “An RF Wattmeter for Low-Level Power Measurements at 
3 cm,” TRE Report T 1663, May 1944. 

* K. M. Uglow, General Electric Co., Transmitter Engineering Division, Letter of 
Feb. 19,1944, to G. L. Ragan, Radiation Laboratory, M.I.T. 
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In terms of its power-handling capabilities, bandwidth, and degree 
of match attainable, the doorknob transition has proved the most 
satisfactory type for high-power work. Furthermore, it has the advan¬ 
tage in applications to rotary joints that, since the center conductor 
terminates on the bottom of the guide, a second low-power coaxial 
rotary joint may be built within the center conductor. This is a great 
advantage in certain types of installations. However, the doorknob 
transition is very difficult to build because its dimensions are quite critical. 
This is to be expected for the broadband models in which the transition 
is actually adjusted to have a considerable mismatch of the proper 
distribution with wavelength in magnitude and phase so that it may be 
matched over a broad band by means of a waveguide iris. There has 
been considerable difficulty in securing consistent production units. 
The machining tolerances required by most designs are not unduly 
small and can be met, with care. It appears, however, to be much more 
difficult to maintain the assembly dimensions because of the distortion 
and movement of the parts at the temperatures required for silver soldering. 

Calculations of new matching irises from measurements on individual 
transitions can compensate for these deviations. This, however, is 
laborious; the same result can be accomplished by the use of tuning 
screws to adjust the iris impedance slightly in the manner described in 
Sec. 6*8. But, since the calculation of matching irises for individual 
units is not practical and tuning adjustments are undesirable as produc¬ 
tion techniques, several different methods of manufacturing these transi¬ 
tions have been tried. The doorknob contour itself can be machined 
with a sufficient accuracy; and it is not likely to distort in assembly if 
properly designed. The chief problem arises in maintaining accurate 
dimensions in the waveguide section. Ordinary rectangular tubing is not 
sufficiently accurate; and it is subject to considerable distortion. 
Attempts to cast waveguide sections have not, so far, proved satis¬ 
factory. Electroformed sections are slightly more accurate, but they 
lack mechanical strength at the junction between the coaxial outer 
conductor and the waveguide wall. Machined sections are, usually, 
unnecessarily heavy and too expensive for practicability. The best 
results have been obtained by using a well-annealed precision wave¬ 
guide that is very carefully handled during the assembly process. Fur¬ 
nace-assembly soldering of the parts, accurately held in position with 
soldering jigs, is required to minimize variations in production units. 
Since considerable work has been done on the problem of manufacturing 
well-matched doorknob transitions, all the results cannot be given here. 
Further information and design details may be obtained from previous 
references and elsewhere. 1 

1 F. L. Niemann, “ 10-Cm Coaxial Line-to-Rectangular Waveguide Transitions,” 
RL Report No. 802, December 1945. 
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644. Magnetic and Resonant-slot Couplings.—The transitions 
described thus far have been of the electric-coupling type in which 
various means of supporting a waveguide-exciting antenna are employed. 
As discussed in Sec. 6-3, there is also the magnetic-coupling transition 
which is formed by terminating the coaxial line in a loop, the plane of 
which is orthogonal in the waveguide to the magnetic field associated 
with the TE w -mode. Several different versions of this transition have 
been developed, and a few have had limited application. They are, 
in general, difficult to match, quite frequency-sensitive, and critical as 



Fig. 6-38.—Straight-through transition from f-in. coaxial line to waveguide. 

to dimensions, so that they have a number of disadvantages when 
compared with the electric-coupling type of transition. In one instance 
in which a straight-through iJ-plane transition at 9.4 cm was required, 
the construction shown in Fig. 6-26 >j was used with limited success. The 
dimensions and electrical characteristics of this transition are given in 
Fig. 6-38. It was matched by variation of the loop size L and the probe 
depth P (Fig. 6-26 j). A particularly long probe was necessary to obtain 
the proper susceptance. The supporting post was arbitrarily chosen 
fairly large in order to minimize high-power breakdown to the opposite 
side of the guide. 

Figures 6-26fc and l show two right-angle H-plane transitions for the 
10-cm region used by the Raytheon Manufacturing Company. The 
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first is a straightforward loop coupling which could be matched by- 
variation of the loop size and end-plate distance, but which proved too 
frequency-sensitive to be of much use. The second is based on the idea 
that the distribution of electric field in a resonant slot in the coaxial 
line is similar to that required to excite the TFio-mode in rectangular 
waveguide. The slot region is excited by magnetic coupling from the 
loop formed by grounding the center conductor to the outer conductor 
in the region of the slot. This transition proves somewhat broader band 
than the other with a VSWR of less than 1.10 for a +3 per cent band 
when the unit is well made. Matching of this transition is accomplished 
by variation of the slot width and length, the end-plate distance, the loop 
size, and the guide height which provides the proper susceptance. As in 
the case of any transition of complicated geometry most of these dimen¬ 
sions prove rather critical, and the desired characteristics are difficult to 
reproduce. This transition was used in one model of a production radar 
system but was replaced in later models by a probe-type transition. 

6*15. Applications and Special Transitions.—In addition to providing 
transitions between the different standard coaxial lines and waveguides, 
some of the units described have been combined with other devices for 
specific applications. The most frequently used examples are the 
magnetron-to-waveguide input couplings, and the coaxial rotary joints 
between waveguide sections. The applications to rotary joints will be 
discussed in Chap. 7. Two different kinds of magnetron couplings will 
be described here. 

One type of waveguide coupling for a high-power 10-cm magnetron 
having coaxial output section is shown in Fig. 6-39. In this design the 
magnetron may be removed from the coupling unit. The outer conduc¬ 
tors are coupled by means of the conventional half-wavelength coaxial 
choke (see Chaps. 2 and 7). The center conductors are connected by a 
double-ended “bullet” designed to maintain spring contact at each end. 
It is made of beryllium copper and is heat-treated after machining for 
maintenance of its properties while operating at a fairly high tempera¬ 
ture. A pressurizing gasket seals the outer case of the magnetron 
output section to the coupling unit so that the r-f line may be operated 
under pressure to reduce the possibility of breakdown. The unit shown 
is a doorknob transition for lf-in. coaxial line with a f-in.-diameter 
center conductor. Its characteristics are those given by Curve II, 
Fig. 6-35. It is used with the 4J31-35, 43-47, and 74-77 types of mag¬ 
netrons. A second magnetron-to-waveguide coupling is that shown in 
Fig. 6-40. To ensure the proper positioning of the probe, the coupling 
is designed to be a permanent part of the tube. When this construction 
is used, the probe may be contained within the tube seal, an arrangement 
which greatly increases the power-handling capacity of the unit. The 
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Magnetron 



Fig. 6-39.—Waveguide input coupling for high-power 10-cm magnetron. 
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enlarged waveguide section in the region of the probe also aids in this 
respect. Matching is accomplished in the usual way, by variation of 
the end-plate distance and the probe depth. The results, shown in the 


curve of voltage standing-wave ratio 
as a function of wavelength, were 
obtained without the use of a match¬ 
ing iris. This is the type of con¬ 
struction used on the 4J70-73 tunable 
magnetron. It has given no evi¬ 
dence of breakdown at the maximum 
powers (about one megawatt) pres¬ 
ently available. 

A special application, in which a 
combination of transitions is used to 
advantage, is shown in Fig. 6-41. 
This arrangement reduces the com¬ 
plexity in construction of r-f com¬ 
ponents in a radar system that uses 
separate antennas for transmitting 



and receiving. 1 Two adjacent Fig. 6-41.—Concentric transitions for 
collinear coaxial antennas were double antenna. 


designed to be operated in a vertical position and to have symmetrical field 
patterns in a horizontal plane. The two concentric coaxial-line-to-wave- 
guide transitions, one a crossbar-supported probe and the other essentially 



(«) U>) (c) 


Fig. 6-42.—Field configurations in large coaxial line of double-coaxial coupler; (a) 
shows the electric field configuration in the TAio-mode; ( b ) that in the TEM- mode; (c) 
shows the orientation of the conducting partition for symmetrical excitation of the coaxial 
line. 


a cylindrical doorknob transition, allow coupling to both antennas in such 
a manner that neither field pattern is distorted by the presence of the trans¬ 
mission line to the other antenna. This device was used in a system 

1 R. M. Fano, “Double Coaxial Coupler for BUPX Antenna,” RL Report No. 
736, May 28, 1945. 
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operating in the 3-cm region- At these wavelengths, in order for the inner 
coaxial line not to become too small, the larger coaxial line is of a size such 
that it allows the transmission of the undesirable T-Fn-coaxial mode illus¬ 
trated in Fig. 6*42a. This mode cannot be used because of the require¬ 
ment of azimuthal symmetry on the field of the antenna. The desired 
symmetrical TEM ~coaxia mode is shown in Fig. 6*426. The elimination 
of the TAu-mode from the large coaxial line was accomplished in the follow¬ 
ing manner It is evident from the field configuration of this mode, shown 
in Fig 6*42a, that the plane a-a' constitutes an equipotential surface to 
which the components of the field are orthogonal, so that it may be replaced 
by a thin conducting partition without disturbing the field configuration. 



Fig. 6-43.—Electric field configurations for TEio-mode in single- and double-ridged wave¬ 
guide. 

If this is done, the only orientation for which the TEu -mode may be 
propagated in such a transmission line is that for which the field is as 
shown in (a) or (c). If this partition is oriented in the transition as 
shown in Fig. 6*42c, then the coaxial line following the partition will be 
symmetrically excited. Any other fields are rapidly attenuated. This 
is particularly important since there is known to be considerable distortion 
of field in right-angle transitions of this sort. The length of this strip is 
that which is necessary for the desired amount of attenuation of the 
unwanted modes. 

These transitions were matched by the usual techniques already 
discussed. The transition to the larger coaxial line proved to be some¬ 
what critical as to dimensions and for that reason tuning screws were 
provided to permit factory adjustment of the transition after assembly. 
Both transitions when properly made and tuned have a voltage standing- 
wave ratio of less than 1.1 for a bandwidth of about 9 to 10 per cent. 

In developing a very wideband transition from coaxial line to wave¬ 
guide considerable work has been done by the Radio Research Laboratory 
at Harvard University on the properties of “ridge” waveguide 1 and its 
application to the transition problem. 2 This type of waveguide is 

1 S. B. Cohn, “Properties of Ridge Waveguide,” RRL Report No. 411-211, 
August 1945. 

* S. B. Cohn, “Design of Simple Broad-band Waveguide-to-Coaxial Line Junc¬ 
tions,” RRL Report No. 411-186, July 1945. 
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also discussed in Sec. 2-9. The electrical field configurations for single- 
and double-(“H-shaped”) ridge waveguide are shown in Fig. 6-43. 
The approximate distribution in intensity is suggested by the density of 
the lines of force. 

This type of waveguide has several properties which make it applicable 
to broadband components in general, and to coaxial-line-to-waveguide 
transitions in particular. For given over-all dimensions it has a longer 
cutoff wavelength (lower cutoff frequency) than the same size of rec¬ 
tangular guide. Its characteristic impedance can be made considerably 
lower than that of ordinary guide; and in particular, it can be made equal 



to that of the standard coaxial lines. Further, the range between the 
cutoff wavelengths of the various modes is considerably increased, ma king 
it useful for very broadband requirements. However, it has certain 
disadvantages. In addition to being somewhat more complicated to 
construct accurately, its attenuation is several times that of ordinary 
waveguide, and its breakdown is obviously less than that of the standard 
guide. This limits its use to those receiving or low-power transmitting 
systems which employ a fairly short length of this guide. 

In using ridged waveguide in a transition from coaxial line to standard 
waveguide, the coaxial line is terminated in a ridged waveguide section 
with an input characteristic impedance equal to that of the coaxial line. 
The “ridge” then is tapered gradually into the standard guide. Since 
the ridged waveguide is symmetrical, the asymmetrical TE% o-mode is 
not excited in the rectangular guide; and, since in the ridged guide the 
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Type N (UG-58/u) connector 



Fig. 6-45.—Adapter for type N (UG-58/U) connector to waveguide with double-tapered 
ridged waveguide. 



Fig. 6-46.—Dimensions and performance curve of transition from f-in. coaxial line to ridged 
waveguide horn. (See Fig. 6-47.) 






Sec. 616] RECTANGULAR WAVEGUIDES OF DIFFERENT SIZES 361 


Tl&so-mode has a much shorter cutoff wavelength than in the standard 
guide, most of the field of this mode excited by the transition is damped 
out before it reaches the rectangular guide. It is sometimes possible to 
use such a transition over almost the entire region between the cutoff 
wavelengths of the TE W - and the 7T? 3 o-modes in the standard guide. 

Figures 6-44 and 6-45 show, respectively, the use of single and double- 
tapered ridged waveguide sections in the construction of a broadband 
coaxial-line-to-waveguide transition. These units, designed by the 


Radio Research Laboratory, are for the standard type N (UG-58/U) 
connector in bead-supported jVin. coaxial line. An example of a 
similar application to a broadband antenna “feed” horn, with a transi¬ 
tion from standard |-in. coaxial line to a special size of guide developed 
at the Radiation Laboratory, is shown in Figs. 6-46 and 6-47. The 
flared horn provides an approximate match to free space. The results, 
plotted in terms of voltage standing-wave ratio as a function of wave¬ 
length, were measured in the coaxial line. 

LOWEST MODE IN THE WAVEGUIDE TRANSITIONS 

By F. E. Ehlers 

6*16. The Transition between Rectangular Waveguides of Different 
Sizes.—It is often desirable to transform from rectangular waveguide of 
one size, carrying the TFio-mode, to that of another size in which the 
same mode is propagated. This may be done by means of a quarter- 
wavelength matching transformer, or by a taper from one set of dimen¬ 
sions to the other. 
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Although the concept of characteristic impedance in waveguide is 
not so well defined as it is in coaxial line, it is convenient to use regular 
tr ansmissi on-line theory in determining the dimensions of a quarter- 
wavelength transformer. Consequently, the following formula for 
the equivalent impedance of rectangular waveguide in the T^io-mode 
may be taken from Slater. 1 



If this formula is assumed, the equivalent circuit of the discontinuity 

between the different waveguides 
is that shown in Fig. 6-48 provided 
that the change from Z x to Z 2 is 
not too great and that neither 
waveguide will transmit higher 
modes. 

To find the condition between 
Fig. 6-48. —Equivalent circuit of discon- two waveguides when their im- 
tinuity Ween different w.vegnidee. pedances are equal, Eq. (23) may 

be rewritten in the following form: 

This is the equation of an hyperbola, connecting a and b if Z Bau is kept 
constant. For a given choice of a greater than a half wavelength, a 
value of b for the waveguide is determined which will match the imped¬ 
ance of another waveguide of the same equivalent impedance. 

If the two waveguides differ only in the narrow dimension, the calcula¬ 
tion of a quarter-wavelength trans¬ 
former becomes very simple since 
the characteristic impedance is 
proportional to the narrow dimen¬ 
sion only. Thus, the narrow 
dimension of the transformer sec¬ 
tion IS _ jr IQ _ 6-49. —Narrow dimensions of a trans¬ 
it = -y/bibz, former section. 

where b x , b 2 , and b t are shown in Fig. 6-49. 

At each junction between the waveguide and the transformer, there 
will be a shunt capacitive susceptance. If the discontinuities are not 
too large, however, the shunt susceptances, having about the same 
1 J. C. Slater, Microwave Transmission , McGraw-Hill, New York, 1942. 
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magnitude, will nearly cancel each other because of the quarter-wave¬ 
length spacing. If the two waveguides differ in the wide dimensions 
only, the problem is a little more difficult since the guide wavelength 
must be taken into account. For this sort of change, the shunt suscept- 
ance at the steps will be inductive instead of capacitive. If two wave¬ 
guides differ in both dimensions b and a, the transformer section may be 
chosen to make the shunt susceptance of 
the ends approach equality or vanish 
altogether. Such a quarter-wavelength 
transformer has been designed for the junc¬ 
tion between l£- by f-in. rectangular wave¬ 
guide with 0.064-in. wall, and 1- by f-in. 
waveguide with 0.050-in. wall. The di¬ 
mensions of this transformer are shown in 
Fig. 6-50. The voltage standing-wave 
ratio introduced by the transformer is less 
than 1.03 over the wavelength band from 
3.13 to 3.53 cm. 

A simple way to transform from a wave¬ 
guide of one size to one of another size is 
to taper the dimensions linearly. In 
Frank’s report, 1 the ratio of incident to 
reflected waves from a tapered section of 
transmission line, if the second waveguide 
is terminated in its characteristic imped¬ 
ance, is shown to be (see Eq, 1) 


B 

_ J_ 

~d In Z 1 

_ J_ 

d In Zl ( f \ 

A 

470 

dx jo 

471 

sr\ l a *\T*Jo ydx ) 


If the two terms of Eq. (24) representing the magnitude of the dis¬ 
continuities at both ends of the taper are equal, and if the length of the 
taper is equal to an integral number of half wavelengths, the reflection 
from the taper will be zero, according to the formula above. If these 
two terms are different, the mismatch of the taper will be at a minimum 
for length of the taper equal to an integral number of half wavelengths. 
For a taper in which the dimensions change linearly, a 0 may be defined 
as the wide dimension of the smaller waveguide and d as the length of 
the taper. Then the corresponding dimension of any cross section in the 
taper is 

. Sx 

a = a 0 + -jj-t 

1 N. H. Frank, “Reflections from Sections of Tapered Transmission Lines and 
Waveguides,” RL Report No. 189, Jan. 6, 1943. 



transformer from 1 - by 5 -in. rec¬ 
tangular waveguide (0.060-in. wall) 
to 1 j- by f-in. rectangular wave¬ 
guide (0.064-in. wall). Army- 
Navy designation UG-80/U. 
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where 8 is the difference between the wide dimensions of the two wave¬ 
guides. For calculating the length of an integral number of half wave¬ 
lengths, the following formula may be used: 


n—r 

Jo K Jo 

2 ird [ ai 

^ 8\ j ao 


VI - (X/2 ay 


dx, 


V(2a) 2 ~ X* , 


Integrating and simplifying, 
d = 


V (2«i) 2 - X 2 - V(2a 0 ) 2 - X 2 - x (cos- 1 ^ - cos" 1 


This formula may be rewritten for convenience in the parameters of 
waveguide wavelengths and the wide dimensions for the two terminating 
waveguides. 


d = 


( 2oi _ 2ao\ 

Xej x 8o J 


n(a,i — ao) 


J X 2 
[4a 0 «i 


[-(?)©]! 


Two such tapers, 0.817 in. and 1.635 in. long, were constructed and 
tested. The first was calculated from the above formula to be a half 
wavelength long and the other, a full wavelength, at 3.22 cm. The 
voltage standing-wave ratios of both transitions were 1.05 or less over a 
wavelength range from 3.14 to 3.52 cm. 

6*17. Transition from Rectangular to Cylindrical Waveguide. —As the 
primary modes in both the round and rectangular waveguides are similar, 
being TE-modes, the cylindrical waveguide may be excited directly from 
the end, utilizing a gradual taper or a quarter-wavelength transformer. 
If the rectangular waveguide is terminated abruptly in the cylindrical 
waveguide, the voltage standing-wave ratio is about 2. The admittance 
of such a transition from i- by i-in. waveguide with 0.040-in. wall to 
0.350-in. TD tubing at a wavelength of 1.25 cm is Y = 0.45 — j‘0.15 
referred to the junction point between the two waveguides. Thus, to 
match such a transition with a quarter-wavelength transformer the 
equivalent characteristic admittance of the transformer section relative 
to the rectangular waveguide must be 0.67; and the susceptance of the 
two junctions of the transformer must be equal. Since the transition is 
from rectangular to round waveguide, this condition will be more easily 
obtained by a waveguide that has a cross section intermediate between 
round and rectangular. As the guide wavelength and the characteristic 
admittance cannot be calculated in a waveguide with round comers, both 
the length and the size of the transformer must be determined experi¬ 
mentally. The admittance that would be obtained with a transformer 
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whose characteristic admittance is correct for matching the two wave¬ 
guides may be calculated on the basis of transmission-line theory as a 
function of its length. The resulting curve passes through the center 
of the Smith chart in Fig. 6*51. There are two other curves in Fig. 6-51 
which show the variation of admittance with length for transformers with 
too large and too small a characteristic admittance. These curves have 



Fig. 6-51. —Curves for correct and incorrect transformer characteristic admittance; 
(4) transformer characteristic admittance too small; ( B ) correct transformer characteristic 
admittance; (C) transformer characteristic admittance too large. The admittance chart 
has been rotated 180° from the usual position (see Sec. 2-12). Some users prefer this 
position since it gives positional correspondence with impedance chart. 

been calculated with the assumption that no shunt susceptance exists at 
the junctions of the transformers. With such susceptances present there 
would be some rotation and shifting of these curves. However, when 
these curves are taken as indicative of the general trend of admittances 
that would be encountered, the dimensions of the transformer may be 
determined empirically by a series of approximations. It should be 
remembered, however, that the characteristic admittance is proportional 
to a/\ 0 , which increases with the wide dimension of the guide and is 
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inversely proportional to the narrow dimension [see Eq. (23)]. Such a 
transformer from by i-in. waveguide with 0.040-in. walls to round wave¬ 

guide 0.350 in. ID was designed for 1.25-cm wavelength and is shown in 
Fig. 6-52. 

Another way to construct a 
quarter-wavelength transformer is to 
fill in a section of the round wave¬ 
guide as shown in Fig. 6*53. This 
has been tried in transforming from 
by i-in. waveguide with 0.040-in. 
wall to round waveguide 0.350 in. ID, 
with less success than the design of 
Fig. 6*52. This design is also not so 
easy to make as the transformer 
described in the preceding paragraph. 

A taper from rectangular to round 
waveguide may be constructed as 
shown by the sketch in Fig. 6*54. In 
this construction, the cross section 
changes gradually from a rectangular 
shape to a circular one. If this transition section is made longer than a 
wavelength, the match will, in general, be quite satisfactory. One is 
assured of a good match if this transition is made very long, for the change 
will be gradual enough to cause little mismatch. Figure 6*54 gives the 



dimension of such a taper from 1- by i-in. rectangular waveguide with 
0.050-in. wall to 1-in. round waveguide with 0.032-in. wall. This taper is 
between one, and one and a half wavelengths long and the voltage stand¬ 
ing-wave ratio is 1.10 or less from 3.14 to 3.47 cm. 

It is also possible to transform from rectangular waveguide to round 
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waveguide with the two waveguides at right angles. There are two types 
of coupling, series and shunt. In the series coupling, the wide dimension 
of the waveguide is transverse to the axis of the round guide. This is 
not so easy to match as the shunt coupling since there is a greater dis¬ 
tortion of the magnetic and electric fields at the junction between the 



rectangular and round waveguides. However, if a wedge is placed 
extending from one wide side of the rectangular waveguide to the opposite 
wall of the round waveguide as in Fig. 6-55, a match may be obtained. 
This wedge helps to bend the wave around the corner. Data of voltage 
standing-wave ratio vs. wave¬ 
length for wedges of three sizes are 
shown in the graph Fig. 6*56 for 1- 
by ^-in. waveguide with 0.050-in. 
wall and round waveguide yf in. 

ID. Better results may possibly 
be obtained if some matching 
device, such as inductive window, 
is used in conjunction with the 
wedge. 

A transition, using shunt cou¬ 
pling from i- by i-in. waveguide 
with 0.040-in. wall to round wave¬ 
guide 0.350 in. ID, may be 
matched at 1.25-cm wavelength by 
adjusting a short-circuiting 
plunger in one arm of the round 
waveguide. This combination of 
waveguide dimensions is such that 
at this wavelength no matching irises or transformers are needed. For 
waveguides of different relative sizes, some additional means of matching 
must be employed. 

In designing such a transition, one must avoid using a waveguide too 
near cutoff for the TM O i-mode. Since the rectangular waveguide opening 



Fig. 6-55. —Right-angle transition from 
rectangular to round waveguide. The wave¬ 
guide width is 0.900 in. ID. 
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increases the cutoff wavelength of this mode in this short section of round 
waveguide, resonances may occur which would introduce serious reflec¬ 
tion. In case the diameter of the round waveguide cannot be reduced 
in a particular application, these resonances may be eliminated by 



' 3.20 3.30 3.40 3.50 

Wavelength in cm 

Fig. 6-56.—Voltage standing-wave ratio for different size wedges from rectangular to 
round waveguide. 


placing across the opening narrow bars which are parallel to the wide 
dimension of the rectangular waveguide. These bars, being perpendicu¬ 
lar to the electric field in the rectangular waveguide, have little effect 
upon the match but, by closing the opening, they reduce the cutoff 
wavelength of the TMoi-mode to a 
safe value. 

With a single rectangular-wave¬ 
guide input wave, one polarization will 
be excited, of which the maximum 
radial electric-field component will be 
transverse to the wide dimension of the 
rectangular waveguide. It is possible 
to couple another waveguide the same 
distance from the short-circuiting plug 
about 90° in azimuth from the location of the first rectangular waveguide 
(see Fig. 6*57). In this way, another polarization may be fed into, or 
coupled out of, the round waveguide. However, the waveguides are not 
strictly independent for there will be some coupling from one to the other. 



Fig. 6-57.—Transition from rectangu¬ 
lar to round waveguide with two rectan¬ 
gular waveguides. 
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This coupling to the second arm of r-f power from the first will reflect from 
the second opening some TEu-power, with the polarization 90° to the wave 
set up by the first arm. The phase of this reflected wave may be different 
from that of the input wave so that, in adding with the input wave, it will 
cause some of the energy to be circularly polarized. 

Another means of coupling the other polarization is by feeding the 
round waveguide end-on with a quarter-wavelength transformer, as 
in Fig. 6-53. The quarter-wavelength transformer will act as a short- 
circuiting plug in the round waveguide, for the wave from shunt arm 
providing the narrow dimension of the transformer is beyond cutoff 
for the incident frequency. Fig¬ 
ure 6-58 gives the details of this 
transition. The distance from the 
edge of the quarter-wavelength 
transformer to the inside dimen¬ 
sion of the rectangular waveguide, 
as shown, is somewhat less than 
the distance for a short-circuiting 
plug. The effective short circuit 
is slightly beyond the face because 
the transformer waveguide is 
beyond cutoff for this polarization. 

6*18. Circular Polarization of waveguide to two polarizations in round wave- 

the TEn-mo&e .—The radial com¬ 
ponent of the electric field of a single polarization of the TE n-mode at a 
fixed radial distance r < a is of the general form 
Er = E sin 

Now this single wave may be broken up into the sum of two waves 
whose maximum amplitude is 90° apart in azimuth; thus, 

Er = E x sin <j>e Ko>t ~P x) + E 2 cos (25) 

Avhere <}> has undergone some angle of rotation from <£', depending upon 
the relative magnitude of E\ and E 2 . 

If the second wave had undergone a shift in phase of 0' radians, it 
would be designated for conveniences which will become clear later in 
the discussion as 6' = 6 + (ir/2), where 0 is now the phase shift greater 
(or less) than a quarter wavelength. Equation (25) now becomes 

Er = E l sin + E 2 cos 

E r = Ei sin + E 2 cos <j> (—sin 0 -f- i cos (26) 

If, to the right-hand member of this equation, we add 

E 2 sin <j> cos 6e Hut ~ 0x) — E 2 sin 0 cos Be i{ut ~ Px) = 0 



Fig. 6-58.—Transition from rectangular 
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and regroup the terms, the equation for the electric field becomes 

E r = [E x sin <t>- E 2 sin (* + + e 2 cos (27) 

The first term represents a plane-polarized wave. The second term, 
however, has an amplitude which is independent of angle and therefore 
is symmetric. This symmetry is, however, false since, at any instant 
t', the electric field has the same pattern as a single plane-polarized wave. 
To determine the angular position of the maximum electric field, the 
exponent must be set equal to zero. 

a>t — 0+^ — fix = 0 


At any cross section in the waveguide, therefore, the maximum ampli¬ 
tude rotates with an angular velocity of cof. Hence, the resultant of 
any two plane-polarized waves which differ in phase consists of the sum 
of a single plane-polarized wave and a circularly polarized wave. The 
E# component of the TEu-mode, which for constant r < a has the form 
E = E cos <}>e j{at ~ px) , can thus be represented in a manner similar to 
Eq. (27). The derivation of the E$ component then, will be omitted 
from this discussion. 

If the amplitudes E i and E 2 of the two waves were equal, then 

E r = Ei [sin 0 - sin (0 + + E 1 cos 

E r = —2Ei sin ~ cos + Ei cos Be^* * +2 X (28) 

The angle B is the difference in phase shift from tt/2 radians, or a quarter 
wavelength; thus, if 0 = 0, all the energy from two waves of equal 
amplitude whose polarizations differ by 90° is transmitted into the cir¬ 
cularly polarized mode, when a phase shift of ir/2 radians or a quarter 
wavelength is introduced into one of the two waves. If the phase shift 
is greater or less than tt/2, the ratio between the amplitudes of the plane- 
polarized wave and the circularly polarized wave from Eq. (28) is 


E P | 2sin | 

E c I cos 8 ’ 

and the ratio of the powers in the two waves is 


(29) 


Pv 

Pc 


4 sin 2 1 


cos 2 6 


( 30 ) 
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If a probe is inserted into a waveguide which is matched to all polariza¬ 
tions and which carries two such waves, and the probe is rotated around 
the tube, the symmetry of the resulting wave can be determined. From 
Eq. (26), the magnitude of the square of the electric field as a function 
of 0 and 0, after setting E 2 equal to E i, may be calculated. 

El = E\ (1 + sin 2^ sin 0), (31) 

which has maxima at 0 = 7r/4, 5ir/4 and minima at 0 = Sir/4c, 7ic/4; for 
ir > 0 > 0. The maximum to minimum voltage ratio is 


11 + sin 0 (Q . 7r\ 

Jr^fiTe = cot (2 + a} 


Combining Eqs. (29) and (32), and (30) and (32), we get 


2 sin ^cot -1 r — ^ 2 sin ^cot -1 r — 

T~~ “ sin (2 cot- 1 r) 

cos 12 cot -1 r — g ) 


1 — sin 2 (cot -1 r) 
sin 2 2 cot -1 r 


With the above relations there is sufficient information to design 
a quarter-wave plate in the TE n - mode in order to obtain a circular 
polarization. Various schemes for obtaining it have been tried. Usu¬ 
ally, these schemes consist of inserting a metal fin or a dielectric slab at a 
45° angle to the incident wave. At this fin the incident wave can be 
resolved into two waves of equal amplitude at 45°. If the fin is very 
narrow, its effect on the polarization, of which the radial vector is maxi¬ 
mum 90° in azimuth away from the fin, is very small; this is true since 
the electric field E r is perpendicular to its surface and the radial compo¬ 
nent E r is equal to zero. For fins that are rather thick, however, there 
is some phase shift in one polarization, and considerable phase shift in 
the polarization that has a maximum electric field at the fin. For a 
0.062-in. fin in round waveguide of 0.350 in. ID at 1.25 cm, the guide wave¬ 
length, as a function of the amount of insertion of the fin into the wave¬ 
guide, is plotted in Fig. 6-59 for the two polarizations. Another way of 
obtaining a quarter-wave plate is by filling in part of the waveguide 
with a metal plate as shown in the cross-section sketch in Fig. 6*60. In 
this figure also is a plot of guide wavelength as a function of the thickness 
of this metal plate. 

The quarter-wave plate must be matched to both polarizations and 
particularly to the polarization in which it causes the greater phase shift. 
This matching is accomplished by using a quarter-wavelength step in 
the plate which must be determined experimentally after the dimensions 
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h in inches 

Fig. 6*59.—Guide wavelength in two polarizations of TjEn-mode for metal fin in round 
waveguides 



Figs. 6-61 and 6-62.—Quarter-wave plates; 1.25-cm wavelength. 
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of the matching transformers are determined. The length of the quarter- 
wave plate may be calculated as follows: 

2i ih-Q-' i (k-Q=? 

where V is the length of the quarter-wave transformer, X* t and X* t are 
the guide wavelengths of the quarter-wavelength transformer for the 
two polarizations, and l is the remaining length of the quarter-wave 
plate with Xj and X 2 the corresponding guide wavelengths of the two 
polarizations as shown in Figs. 6-59 and 6-60. Dimensions for two 
quarter-wave plates are shown in Figs. 6-61 and 6-62 for 1.25-cm wave¬ 
length in round waveguide 0.350 in. ID. 

A quarter-wave plate may be obtained by means of a number of 
lumped susceptances spaced in the round waveguide. These lumped 
susceptances may be in the form of rods, as in Fig. 6-63, which protrude 



Fig. 6-63.—Quarter-wave plate with lumped susceptance. 


into the waveguide. These rods act like shunt capacities; and if the 
values of their susceptances are known, the spacing between them may be 
determined by means of the Smith chart so that a perfect match is 
obtained. If the shunt capacity of these elements is not too large, a 
match over a broad band may be obtained by spacing several of these 
elements about a quarter wavelength if the relative magnitudes of these 
susceptances follow the values of the binomial coefficients. For example, 
if two susceptances are used, their magnitudes are equal; if three suscept¬ 
ances are used, then their magnitudes should have the relative values of 
«c, 2«c, and «c, respectively. Several typical values are as follows: 


Number of elements 
2 

3 

4 
6 


Value of capacities 
toe toe 

toe 2toc toe 

toe 3coe 3coe toe 
toe 4<oc 6coc 4toc toe 


Equal spacing of equal elements may also be used but the broadband 
match may not be so good. By trying various matched combinations 
of these elements, the values of the susceptance and the number of ele¬ 
ments may be determined experimentally so that circular polarization 
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is attained. This technique is rather cumbersome to design. Sufficient 
work has not been done to determine whether there is any gain in band¬ 
width over the continuous type of quarter-wave plates. 

It is also possible to couple from rectangular waveguide directly to 
round waveguide in circular polariza¬ 
tion without means of a quarter-wave 
plate. The shunt rectangular-wave¬ 
guide arm as shown in Fig. 6-64 
couples to the T’E'u-mode by cutting 
transverse currents in the round 
waveguide. The instantaneous cur¬ 
rents in circular polarization wind 
spirally around the waveguide making 
a complete revolution in a waveguide 
wavelength. Thus, if these currents 
are excited by orienting the rectangular waveguide at the proper angle 
with the axis of the round waveguide, circular polarization can be set up. 
This angle can be approximated by the formula 



where a is the radius of the round waveguide and the waveguide wave¬ 
length. If both ends of the round 
waveguide are matched, then a right- 
handed circular polarization will be 
excited in one direction and a left- 
handed circular polarization in the 
other. Data at 1.25-cm wavelength 
for such a transition as a function of 
the orientation angle of the rectangular 
waveguide with respect to the round- 
waveguide axis are shown in Fig. 6-65. 

If a movable short-circuiting 
plunger is introduced into one of these 
arms, some interesting results may be 
obtained. A left-handed polarization 
will be reflected back as a right-handed 
polarization, looking in the direction of 
propagation, and will add to the origi¬ 
nal right-handed circularly polarized 
wave. As the phase of this reflected 
wave is adjusted by the short-circuit¬ 
ing plunger, the resulting wave propagated in the matched arm may vary 



Fig. 6-65.—Performance of double 
Circular polarizers of Fig. 6-64 at 1.25-cm 
wavelength with VSWR measured in 
rectangular waveguide and P equal to 
the ratio of the major axis voltage to the 
minor axis voltage of the polarized wave. 


Right handed 
Circular polarization 


B Left handed 
Circular polarization 



Fig. 6*64.—Double circular polarizer 
with right- and left-handed circular 
polarizations. 
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gradually from circularly polarized wave to plane-polarized wave. If the 
reflected wave is 180° out of phase with the other wave in the matched 
arm, then there is no propagation, and all the energy is reflected from the 
junction. 

Circular polarization may also be excited by means of a transition 
which has been aptly designated as a “turnstile” transition. This con¬ 
sists of two cross arms of rectangular 
waveguide with a round waveguide 
coupled out of the section that is com¬ 
mon to the two arms. The narrow 
dimensions of the rectangular wave¬ 
guide are lined up with the round- 
waveguide axis. If the transition is 
matched so that the symmetry is 
preserved, then some interesting re¬ 
sults are obtained. This matching is 
done by adjusting the dimensions of 
a post which is set in the bottom of 
the rectangular waveguide along the axis of the round waveguide as 
in Fig. 6-66. The data for Fig. 6-66 are taken from Table 6*3. The 



Fig. 6-66. —Matching of turnstile junction 
of Fig. 6-67; data taken from Table 6-3. 


Table 6-3.— Dimensions* to Accompany Turnstile Junction of Fig. 6-66 


Center 

wavelength, 

cm 

a, in. 

b, in. 

c, in. 

d, in. 

Round 

wave¬ 
guide, 
ID, in. 

Rectangular 
waveguide, in. 

3.33 

0.181 

0.509 

0.125 

0.4375 

0.9375 

1X1 (-050 wall) 

3.57 

0.160 

0.502 

0.125 

0.5315 

1.000 

1X1 (-050 wall) 

1.25 

0.070 

0.175 

0.065 

0.188 

0.350 

1 X 1 (.040 wall) 


♦ All letter symbols pertain to Fig. 6-66. 


height and diameter of the lower part of the post have a greater effect on 
the match looking into one rectangular waveguide with matched loads 
in the other four arms, while the narrow post has greater effect on the 
match looking into the round waveguide. Thus a transition is obtained 
with the following characteristics: 

1. The wave is matched looking into the round waveguide with 
matched loads in the four rectangular arms. 

2. Each rectangular arm is matched with matched loads in the other 
arms. 

With these conditions, if power is fed into Arm A Fig. 6*67, one half 
of the power is transmitted in the round waveguide, and the other half 
is divided between Arms B and D with no power propagated in Arm C. 
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Since B and D are in shunt with Arm A, the phase at the planes repre¬ 
sented by narrow sides of waveguides A and C will be equal for the two 
waves. If arms B and D are short-circuited and are equal in length, 
the two reflected waves arrive back at the junction in phase, and the 
reflected power is equally divided between Arms A and C. No reflected 
power enters the round waveguide since the two reflected waves will 
set up polarizations in the round guide which are 180° out of phase and, 
therefore, will be canceled out. 

If one arm is a quarter wavelength longer than the other, then the 
reflected waves from the two arms 
are out of phase and will set up a 
polarization in the round guide 
which is aligned with the axis of 
the short-circuited arms. Thus, 
there are two waves of equal ampli¬ 
tude, whose polarizations differ by 
90°, propagated in the round wave¬ 
guide. As the length of the arms 
is adjusted, keeping a quarter- 
wavelength difference in lengths 
between the two, the phase of the 
polarization set up by the reflected 
waves will be varied. If the phase 
difference between the polarizations is equal to zero, then a plane-polarized 
wave oriented at 45° to the cross arms is propagated. If this phase 
difference is equal to tt, then there is propagated a plane-polarized wave, 
oriented at 90° in azimuth from the wave resulting from a phase difference 


Table 6-4.— Dimensions and VSWR for the Turnstile Junctions of Fig. 6-66 


VSWR with matched 
loads in the three 

Circular polarizer 

Plane polarizer 

in the round 
waveguide 

diS 

in. 

d2* 

in. 

VSWR 

di,* 

in. 

d 2 * 

in. 

VSWR 

1.03 for X = 3.33 cm 
1.01 from X = 3.407 
to 3.746 cm 

1.05 for X = 1.25 cm 

1.367 

0.864 


1.616 

1.356 

1.146 

0.763 



1.12 at 3.525 cm 
1.05 at 3.605 cm 
1.02 at 3.654 cm 

0.457 

0.308 

1.08 at 1.215 cm 

1.10 at 1.224 cm 

1.05 at 1.255 cm 

1.10 at 1.250 cm 

1.11 at 1.265 cm 
1.16 at 1.280 cm 


* di and d* are lengths of arms B and D. 



Fig. 6-67.—Cross section of turnstile tran¬ 
sition. 
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of zero. If this phase difference is tt/2, 3tt/ 2, the resulting wave is circu¬ 
larly polarized in the round waveguide; while in between these values of 
phase difference the resulting wave is elliptically polarized. 

Table 6-3 gives the dimensions of three turnstile transitions centered 
at wavelengths of 3-33, 3-57, and 1.25 cm. Complete data have not 
been collected on these transitions since each transition was designed for 
a specific application, and only sufficient data were taken for this appli¬ 
cation. Table 6*4 gives the length of short-circuited arms for circular 



Fig. 6-68. —Characteristics of turnstile used as linear polarizer. Dimensions are given in 
the second line of Table 6-4. 

polarization and for plane polarization, with the voltage standing-wave 
ratios obtained for these applications. 




Fig. 6-69.—Dielectric quarter-wave plates, (a) Waveguide H in. ID at3.2-cm wavelength 
with polystyrene; (b) waveguide 3 in. ID with styraloy. 

While the voltage standing-wave ratio is very good over a broad band, 
the useful wavelength region may be limited further by the frequency 
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sensitivity of the lengths of the short-circuited arms. Figure 6-68 shows 
a plot of the ratio between the power found in the two polarizations in 
the second transition of Table 6-4, over a part of the frequency band, 



Fig. 6-70. —Circular-polarization tests on styraloy quarter-wave plate of Fig. 6-696. 

when the transition is used as a linear polarizer. The amount of P 2 
in the figure is very small at 3.58-cm wavelength but increases very rapidly 
toward each end of the band. This P 2 wave 
will be out of phase with the Pi wave, thus 
setting up some circular polarization. For 
some applications the ratio must be greater 
than 30 db. 

Another way to construct a quarter-wave 
plate is to place a narrow slab of dielectric 
material, as shown in the drawings in Fig. 
6-69, at an angle of 45° to the incident 
polarization. The dielectric has a greater 
effect on the guide wavelength of that com¬ 
ponent, the polarization of which is parallel 
to its width, than in the component at 90°. 
The notches and the tapers match the plate to the incident wave. 
Apparently better results are obtained with a fairly thick slab of dielectric 
than with a very thin sheet. Experimental results of the tapered quarter- 
wave plate of Fig. 6-69 are shown on the graph of Fig. 6-70. The small 
maxima and minima are probably due to multiple reflections from the two 
tapers in the two component polarizations. 

6*19. Circular Polarization in Square Waveguide.—It is possible to 
propagate a circularly polarized wave in square waveguide, as well as in 
round, by dividing the power in half so that two 2T?i 0 -modes are 
propagated at right angles, and by introducing a phase shift of ir/2 in 
one of these modes. This phase shift may be obtained by using a 
section of rectangular waveguide with a slab of dielectric as in Fig. 6-71. 
Since the boundary conditions are not complicated, the cutoff wavelengths 



Fig. 6-71.—Circular polar¬ 
izer in rectangular waveguide. 
Cross-section view. 
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for the primary modes in the two polarizations may be calculated accu¬ 
rately. This technique of exciting circular polarization gives us several 
parameters which must be adjusted in order to obtain a broad band. By 
selecting the dimensions a and b, and the thickness and dielectric con¬ 
stant of the slab, a waveguide section may be obtained in which the 
phase difference between the two polarizations, as a function of free- 
space wavelength, is at a minimum in the center of the selected band. 
In this way, theoretical bandwidths of 3 to 1 and 5 to 1 can be obtained 
using the maximum ratio of 3 db, between the major axis and the minor 
axis of the wave, as a criterion. 

TRANSITIONS INVOLVING A CHANGE IN WAVEGUIDE MODE 
By F. E. Ehlers 

For certain specialized applications, it is often necessary to transform 
the dominant mode of one type of waveguide to a higher mode of another. 
The higher waveguide mode most often used is the TMoi-mode in round 
waveguide. The advantage of this mode is that it has radial symmetry 
and, therefore, is desirable for use in rotary joints, in antennas in which a 
uniform azimuth is desired, and in other applications requiring symmetry. 

6*20. Transitions to the TMoi-mode.—Transitions to the TMoi-mode 
are more difficult to design than are transitions between two different 
waveguides in which only the lowest mode is propagated, because the 
TM oi-mode has to be excited without setting up an appreciable amount 
of TEn-mode. The cutoff wavelength for the TM oi-mode is 

_ 2 7TO 

he ~ 2105 ’ 

while the cutoff wavelength for the TEn-mode is 

_ 2 ira 
K ~ 1.841' 

Therefore, if the diameter of the waveguide is selected to propagate the 
TM oi-mode, it will also propagate the TEn-mode. From the standpoint 
of electromagnetic theory, the round waveguide must be excited with a 
field as nearly symmetrical as possible. 

Since nearly all microwave transmission line is rectangular waveguide, 
the most logical type of transition to the TMoi-mode is from the TEur 
mode in rectangular guide. From Fig. 6*72 it is seen that the TMoi-mode 
is very similar to the coaxial TEM- mode. The first type of TMoi-transi- 
tion from rectangular waveguide contained first a right-angle transition 
from rectangular waveguide to a coaxial line which was beyond cutoff 
for all waveguide modes. Then an antenna, formed by the extension of 
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the center conductor of the coaxial line into the round waveguide, excited 
the TWoi-mode. In this construction, there is perfect symmetry so that 
no T’E'n-mode (see Fig. 6-73) is set up in the round waveguide unless the 
coaxial section is so short that higher modes, set up in the coaxial line 
by the junction at the rectangular waveguide, are not attenuated suffi¬ 
ciently. This transition was satisfactory only over a very narrow band 
of wavelengths. It was matched to the transmitter frequency by 



Fig. 6-72. —Instantaneous fields in TMoi-mode showing electric and magnetic intensities. 

adjusting the plunger in the rectangular waveguide, the plunger in the 
coaxial stub, and then three capacitive screws. The disadvantage of 
such a transition, beyond the mechanical complications, is that the power 
capacity of the transition is limited by the narrow coaxial section. The 
device would be much easier to make if power could be coupled directly 
from the rectangular waveguide to the round waveguide without this 
narrow constriction. Therefore, from a study of the fields of the TE 10 - 
mode in rectangular waveguide and of the 7W 0 i-mode in round wave- 



Fig. 6-73.—Instantaneous currents on conductor surface in TUn-mode. The corresponding 
E and H fields are shown on the right. 

guide, the most logical method of exciting the TA/oi-mode directly from 
the rectangular waveguide should be determined. From Fig. 2-19 it can 
be seen that, in a plane across the narrow dimension of the rectangular 
waveguide and parallel to the wide side, the magnetic field forms closed 
loops somewhat circular in shape, and the electric field is always per¬ 
pendicular to the plane. Now if the magnetic field lines of the TAI 01 - 
mode in a circular cross section of the round waveguide are examined, 
it is found that they form closed circles. Moreover, at the instant shown 
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by the line A in Fig. 6-72 when the radial component of the electric field 
is equal to zero, the electric field is axial. This analysis of the fields sug¬ 
gests that the TMoi-mode can best be excited by coupling from the wide 
dimension of the rectangular waveguide. The diameter of the round 
waveguide must be large enough to propagate the TM oi-mode but not 
large enough to propagate the next higher mode, the 7 7 FJ 2 i-mod^, whose 
cutoff wavelength is 27ra/3.048. To complete the transition, a short- 
circuiting plug which fits the rectangular waveguide is adjusted to excite 
the maximum electric vector in the center of the round waveguide; a 
matching device may be placed either in the round waveguide or in the 
rectangular waveguide, or both, to reduce the reflections. Such a simple 
type of transition is possible for certain sizes of rectangular and round 
waveguides, but in designing such a transition, some technique for deter¬ 
mining the purity of the TMoi-mode must be used. 

Only one polarity of the TFJn-mode is excited by this type of transi¬ 
tion—the one in which the maximum electric vector lies along the diameter 
of the cylindrical waveguide that is parallel to the axis of the rec¬ 
tangular waveguide. This can be readily seen by a study of the geometry 
of the transition. The TFJio-mode in rectangular waveguide has an 
electric vector which is perpendiular to the axis of the rectangular guide 
and parallel to the narrow dimension. Its magnitude is maximum in 
the center and decreases sinusoidally to zero at the edges of the wave¬ 
guide. Thus, there is symmetry about the center of the rectangular 
waveguide which precludes the excitation of the mode in the round pipe 
which is not symmetric about this center line. This property of the 
transition, to excite only one polarization of the TF/u-mode, makes it 
possible to use the technique outlined in the following paragraphs. 

6*21. Determining Percentage of TEn- mode in Cylindrical Wave¬ 
guide.—When r-f power is propagated simultaneously in the TEn- and 
TMoi-modes in a cylindrical waveguide, it is possible to determine the 
relative amount of power in the two modes by measurements of the 
electric field in the waveguide. Since a probe inserted into a waveguide 
will be excited by the electric field which is directed along its length, only 
the radial component of the electric vector in cylindrical waveguide need 
be considered. For the TMoi-mode, the radial component of the electric 
field at the periphery of the pipe will vary according to the formula 

E r = E E A U ~^ t (33) 

where E e = voltage amplitude of TMoi-wave, x = distance along the 
axis, and X 0 i = the waveguide wavelength in the TMoi-mode. For the 
TFJu-mode, 



(34) 
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where E H = the amplitude of the 77?n-wave, and 0 = angle of azimuth. 
If the two modes are propagated simultaneously and the waveguide is 
matched to each mode, then the radial component of the electric field 
becomes 

Er = E E e( ul ~ 2 ^} + Eh sin ( 35 ) 

where a is the phase difference between the two modes at x = 0 and t = 0. 

./ f 2irx\ 

If the two terms are divided by e ^ Xo1 ' and only the amplitude of 
the electric field is considered, 

E r = Ee + Eh sin x< 

where 77 = -From this relation, it is seen that, at the point 

A An Aoi 

,(2tx | \ 

along the pipe where c^ x ' s = + 1 , the values of maximum and 
minimum are obtained by rotating around the pipe; 


E m « — Ee + Eh 1 


and > 

(36) 

Emm == EE Eh / • 


If the ratio of maximum to minimum fields measured around the wave- 

guide is defined as 


E w 

T ErJ 

(37) 

Eqs. (36) may be combined to give 


E b r — 1 

E e ~ r + l 

(38) 


This maximum ratio will occur every X'/2 along the axis of the waveguide, 
or 5£ to cm, for tubing 1.152 in. ID over the band from 3.13 to 3.53 
cm. These same values of maximum and minimum are obtained if 
sin 4> = + 1, and the probe is moved along the axis of the waveguide; 
however, the technique of rotating the waveguide and inserting the probe 
into holes along the waveguide is preferable in order to avoid radiation 
in the 77? u -mode and possible resonances caused by the slot. For round 
waveguide with inner diameters of 1.152 in. and 1.188 in. about 15 
holes spaced $ in. apart are sufficient to obtain accurate results in the 
wavelength range of 3.13 to 3.53 cm. For a matched load in the wave¬ 
guide, one may use a cone of finely grained wood 14 in. long with a 
14-in. shank machined to a slide fit in the tubing. The reflections intro¬ 
duced by the cone may be detected by changing the position of the cone 
in the guide, and by observing the resulting variation in the power 
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extracted by a fixed probe. For a waveguide .467 in. in diameter, 14 
holes spaced ^ in. apart were used satisfactorily over the range from 1.21 
to 1.27 cm with a 6-in. wooden cone as a load. 

To make use of the variation in power around the pipe in calculating 
the relative amount of power transmitted in the T-E'n-mode, the ratio 
of the r-f power transmitted to the square of the voltage amplitude at 
the periphery of the waveguide for each of the modes should be known. 
These formulas may be checked by calculating the total power from the 
component of Poynting’s vector in the direction of propagation from 
the equations 2 

P* = i / J p x ds 

P x = i f * I' ° RiE'rH't - E'+Hfr dr d<f>. (39) 

J<t> = 0 J r = 0 


e j(wt—Pnmx) I 


H nm waves in the 
dielectric (40) 


The field equations for the TE n-mode were taken from the equations 
E, = 0 

E r = j (^j 2 ™ sin n<t>J n (r ^ J ’ 

E * = 3 cos n<f> ^ J n (r ^ 

H x = j ~ A' cos n<t>J n (r J e i(.at—p nm x) 

H, = -j {/!'&.. (£;) cos [“ (r r -f) 

H 4 = j (yr-'j ~ sin n<t>J n (r r ~j J ^\ca-p, m x) 

and those for the TWoi-mode were taken from the equations 
E x = A Jo (r ^ e^~t 

Er^jA^ajAr 1 ^) 
roi \ a f 

H+^jAflaJ! (r r -f) 
roi \ a/ 


Poiz) 

gi(ul—Pl> IX) \ 


Eo waves in the dielectric (41) 


gj(cat—pQiz) j 


1 F. E. Ehlers, “E 0 Rotary Joints for the 3-Centimeter Band,” RL Report No. 
853, Dec. 4, 1945. 

2 Sarbacher and Edson, Hyper and Ultrahigh Frequency Engineering, Wiley, New 
York, 1943, p. 263, Eq. (7.114); p. 258, Eq. (7.104); p. 250, Eq. (7.82), respectively. 
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Dividing the axial component of Poynting’s vector by the square of the 
amplitude of the radial component of the electric vector at the surface 

of the waveguide, we obtain for the TFn-mode, 


P« a 2 X 

E 2 200 Xu 

(42) 

where Xn is the guide wavelength in this mode and a 
waveguide. For the TA/oi-mode 

is the radius of the 

Pe o 2 Xoi 

El ~ 240 T' 

(43) 

After combining Eqs. (42) and (43), 


= 120 E « 

P, X„Xo, El 

(44) 

P- ... , X* (r - 1) ! 

P E X„X 01 (r+1) 2 ’ 

(45) 


where r is the ratio of maximum to minimum voltage at that point along 
the axis of the waveguide where the rotational asymmetry is greatest. 
The coefficient of (r — l) 2 /(r + l) 2 is plotted against \/a in Fig. 6-74. 



For some applications, the requirements for the purity of the TM 0 i- 
mode in the round waveguide may not be very severe. In applications 
for rotary joints, however, there must be less than 0.5 per cent of the 
power in the TEu-mode. In the design of the transitions developed at 
the Radiation Laboratory, attempts were made to secure this degree of 
mode purity, and various techniques were tried to reflect from the round 
waveguide, or otherwise suppress, the energy in the TFu-mode. How- 
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ever, before discussing these techniques, two transitions from rectangular 
waveguide to round waveguide in the TMoi-mode will be described in 
which no devices are needed to obtain the desired mode purity. 

A simple transition in which the round waveguide is attached to the 
wide side of the rectangular waveguide, at right angles to it, has been 
described earlier in this chapter. Such 
a transition has been designed, for use 
at a wavelength of 1.25 cm, in which 
rectangular guide 5 by i in. with 
0.040-in. wall and round waveguide 
with an inside diameter of 0.4675 in. 
are used. A rectangular plug is in¬ 
serted into the rectangular waveguide 
as shown in Fig. 6-76. In this particu¬ 
lar transition, the dimensions of the 
rectangular guide are such that it is 
possible to select round guide of a 
diameter which achieves, simultane¬ 
ously, a nearly perfect match and a 
mode purity satisfactory for use in 
rotary joints. This optimum diame- Fig- 6 75 i^^^ 1 ^,veiength Siti ° n f ° r 
ter for the round guide was determined 

experimentally. For each of several diameters tried, the short-circuiting 
plug was adjusted so that the minimum voltage standing-wave ratio was 
obtained at 1.25 cm, the center wavelength of the band. Figure 6-76 
shows a plot of this minimum voltage standing-wave ratio as a function of 
the diameter of the round waveguide. The match of the finished transi¬ 
tion as a function of wavelength is shown in Fig. 6-77. The bandwidth of 

1.20 
1 1.10 
1.00 

0.460 0.465 0.470 0.475 0.480 

ID of round waveguide in inches 

Fig. 6-76.—Voltage standing-wave ratio of transition from 3 - by j-in. rectangular wave¬ 
guide to Fo-mode. 

the transition for a maximum voltage standing-wave ratio of 1.05 is about 
4 per cent. 

Because of the urgency with which this type of transition was devel¬ 
oped, no systematic data were taken by which the ratios between the 
dimensions of the waveguides and the wavelength could be determined 
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for any wavelength band. It is possible, however, to scale the dimen¬ 
sions of this particular transition according to the ratio of the desired 
wavelength to 1.25 cm and thus to obtain comparable results. 

In the design of a transition from l£- by f-in. waveguide with 
0.064-in. wall to a round waveguide of 1.188-in. inner diameter, it was 
found that better mode purity could be obtained by use of a round 
short-circuiting plug having the same 
diameter as the wide dimensions of 
the rectangular waveguide. Because 
first consideration was given to the 
purity of the mode excited in the 
round waveguide, the location of 
the plunger was determined as that 
which gave minimum asymmetry at 
3.20 cm. The purity of the TM 01 - 
mode in the resulting transition is 
shown in Fig. 6*78. 

Since the transition was so simple 
in construction, it was decided to round the corners, as shown in Fig. 6-79, 
so that the transition would be able to transmit very high power. The 
position of the plug with the rounded comers was redetermined, and a 
tapered section from rectangular waveguide 1 by % in. with 0.050-in. wall 
was added. An inductive window was placed in this taper to match the 
transition at 3.20 cm, since the voltage standing-wave ratio without the 
window was 1.4. With this window, the transition had a voltage standing- 
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Fig. 6-77.—Voltage standing-wave 
ratio of right-angle transition to TM 01- 
mode, 5-in. by j-in. rectangular wave¬ 
guide. 



Fig. 6-78.—Purity of TMoi-mode for electroformed or die-cast high-power rotary joint. 

wave ratio of 1.10 or less from X = 3.162 cm to X = 3.250 cm (see Fig. 
6-80). The only means of manufacturing this transition is by the process 
of electroforming over a cerrobase form. The cerrobase is then melted 
out and the transition cleaned. 

Since this technique has not been satisfactory for large-scale manu- 
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facture, the transition was redesigned for the process of die-casting. In 
the die-casting technique, a core must be drawn out of the rectangular 
waveguide and also out of the round-waveguide end of the casting; 
therefore the taper was eliminated. Also, a different technique for 
matching the transition was used: a matching iris was placed in the 


roimd waveguide as well as an in¬ 
ductive window in the rectangular 
waveguide in order to obtain a 
broader band. To demonstrate the 
advantage of two matching devices, 
the admittance plots of the transi¬ 
tion will be examined first without 
any inductive matching devices. 
Figure 6-81 gives a plot on the Smith 
chart of the transition with the 
admittance referred to an arbitrary 
position in the rectangular wave¬ 
guide chosen so that, if an inductive 
window of the correct aperture were 



placed there, the best broadband Fio. 6-79.—High-power Fo-transition with 


match would be obtained. With 


matching windows. 


such a window, the bandwidth between maximum standing-wave ratios of 
1.10 is 3.16 to 3.25 cm or about 4 per cent. Now let us insert an iris into 
the round waveguide and adjust the aperture and position so that the 


smallest spread of admittances is obtained. The dotted lines in Fig. 6-81 


show the path through which the iris moves the admittance at each par¬ 
ticular wavelength. Since the iris adds capacitive susceptance, the ad¬ 
mittance of the transition without 



Fiq. 6-80.—Performance curve for transition 
of Fig. 6-79. 


the iris and the admittance point 
with the iris may be rotated 
together to the place on the chart 
at which these two points lie along 
some line of constant conductance. 
In this way the dotted lines in Fig. 
6-81 can be traced. Since the 
susceptance of a capacitive iris is 
inversely proportional to the guide 
wavelength in the round wave¬ 


guide, corrections can be made in the first data in order to determine 


the size of aperture of the new iris and its position in obtaining the desired 
admittance pattern. In this way was obtained the admittance plot in 
Fig. 6-81, which, with an inductive window in the rectangular waveguide 
matched the transition to a maximum standing-wave ratio of 1.04 in 
voltage from 3.13-cm to 3.26-cm wavelength. 
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This technique of matching may be used on other types of transition, 
such as rectangular to round in the TEu-mode. Separating the match¬ 
ing devices between the output and the input lines makes it much easier 
to attain a broadband device. 



Fig. 6-81.—High-power die-cast TMoi-transition. A = admittance without iris 
B = admittance with too small an iris; C = best admittance for broad band; D = com¬ 
pleted transition with inductive window in rectangular waveguide. 

6*22. TE n-mode Filters.—In the two transitions discussed in the 
foregoing paragraphs, the dimensions of the respective waveguides were 
such that, at the chosen wavelength bands, the mode purity was satis¬ 
factory. In some transitions these dimensions, together with wave¬ 
length, may not be so fortunate. Consequently, some means of sup¬ 
pressing the TEu-mode must be employed. This was first done by 
means of an extension of the round waveguide below the rectangular 
waveguide, terminated by a short circuit. This is shown in Fig. 6*82. 
If this extension stub is a quarter wavelength in the TE n-mode measured 
from the short circuit to the center of the rectangular waveguide, a 
nearly pure T'Moi-mode is propagated in the round waveguide. Unfortu¬ 
nately, this stub is also nearly a quarter wavelength in the TMoi-mode, 
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(a) (b) 


Fig. 6-82.—Details of Preston 7Woi-transition; (a) stub transition for 3.17 to 3.23 cm; 
( b) stub transition for 3.27 to 3.33 cm. 

and thus causes a large mismatch which must be cancelled. A better 
result is obtained if this stub is made three-quarters guide wavelength in 
the T-Eu-mode. Then the diameter 
of the stub can be chosen experi¬ 
mentally so that when the length of 
the short-circuited stub becomes 
three-quarters waveguide wavelength 
in the TE u -mode, it is a half-wave¬ 
guide wavelength in the TA/oi-mode. 

In this way, the voltage standing- 
wave ratio of the transition can be 
made small enough (about 1.5) to be 
matched easily by an inductive 
window. Such a transition was de¬ 
signed from 1- by £-in. waveguide 
with 0.050-in. wall to round wave¬ 
guide 1.188 in. ID at a wavelength of 
3.20 cm. The dimensions of this 
transition are shown in Fig. 6-82. 

The voltage standing-wave ratio is 
below 1.1 for a 2 per cent band 
centered at 3.20 cm, and the ratio of Fig. 6-83 —tm oi-transition for 10.7 
TE -mode to TM -mode is about 0.5 cm with coaxial stub TE "~ mode sup¬ 
per cent over this band. 

Another way of suppressing the TE n -mode is by means of a coaxial 
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stub on the axis of the round waveguide placed below the rectangular 
waveguide as in Fig. 6-83. This has one advantage over the round 
waveguide stub: it has little effect on the TWoi-mode, since the maximum 




Fig. 6-84.—Susceptance of a ring mounted in a waveguide: (o) as a function of mean 
circumference; (6) as a function of cross-section dimensions. 


electric field for this mode occurs at the center conductor of the coaxial 
stub and is not coupled into it. Therefore, the stub can be made a 
quarter wavelength long in the TJ^n-coaxial waveguide mode, and it 
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will present a very high impedance to the round waveguide TEn-mode. 
This device is not so effective a suppressor as the compound TE—TM-stxib 
discussed in the earlier part of this section, and the introduction of the 
poly-supported resonant ring is necessary to obtain sufficient purity 
of the TWoi-mode. This particular transition has a standing-wave 
ratio of 1.10 or less over the band from 10.61 to 10.81 cm. 

Possibly the most effective filter for the TjE'n-mode is the resonant 
ring. If a circular metal ring of the correct diameter is placed in a round 
waveguide propagating a plane wave such as the TjE'n-mode, nearly all 
the energy will be either absorbed or reflected away from this ring. 
The TM oi-mode, however, will be 
little affected, since the electric 
field is nearly always perpendicu¬ 
lar to the edges of the ring. 

Thus, if this ring is inserted in the 
round waveguide in which the 
amount of TEn-mode is larger 
than desired, a large proportion of 
this energy will be filtered out of 
the round waveguide. The reso¬ 
nant ring is a satisfactory mode 
filter if about 90 to 95 per cent of 
the energy is in the TMoi-mode. 

If this ring is aligned axially 
and centered in the round wave¬ 
guide, it acts like a resonant circuit 
parallel to the impedance of the 
line. As the periphery of the ring is increased from a very small diameter, 
it first has increasing capacitive susceptance. Then, as the periphery 
is increased beyond the resonant point, the ring becomes inductive. 
Figure 6-84 shows the effect of the diameter of the ring whose metal cross 
section is 0.040 in. square. These data were taken in waveguide bl in. 
ID at a wavelength of 3.20 cm. A complete study of the effect of reso¬ 
nant rings in round waveguide was made at the Telecommunications 
Research Establishment in Great Britain. At 9.1-cm wavelength, 
British physicists found that the resonant outer periphery was slightly 
greater than a free-space wavelength and increased as the thickness of 
the ring material was increased. To a first approximation, the resonant 
inner periphery is independent of ring thickness. Figure 6-85 shows a 
chart of the amplitude of the transmission coefficient vs. the periphery 
of the resonant ring for different diameters of the wire, taken in waveguide 
2i in. ID. The effect of the waveguide diameter is of a second order, 
for a ring with a periphery of 1.15X will resonate in waveguide in. ID 



Fig. 6-85.—Amplitude transmission co¬ 
efficient vs. ring circumference in wave¬ 
lengths. The wavelength was 9.1 cm, the 
waveguide had an ID of in. The diameters 
of wire used for the rings are indicated on the 
curves. 
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at 9.1 cm, while it requires a ring with a periphery of 1.18X for waveguide 
3f in. diameter. 

Another significant effect of increasing the thickness of the ring 
material is that the frequency sensitivity is decreased. This can be seen 
from Fig. 6-85 by the fact that the slope of the curves giving the amplitude 
of the transmission coefficient decreases for increasing ring thickness. 
Telecommunications Research Establishment found that at 9.1 cm the 
frequency sensitivity is 2% times less for a wire of 0.116 in. diameter 
than it is for a wire of 0.012 in. diameter. 

One of the first applications of the resonant ring was to increase the 
bandwidth of the transition which used a round waveguide stub to filter 

the rEn-mode. A resonant ring 
was placed in the stub as in Fig. 
6 -86, so that the length of the stub 
appeared to be a quarter wave¬ 
length in the TE u-mode. The 
total length of this stub from the 
center of the rectangular wave¬ 
guide to the short-circuiting plug 
was made a half guide wavelength 
in the TMoi-mode. Since the dis¬ 
tance to the ring was shortened 
from three-quarters of a wave¬ 
length to a quarter wavelength 
and the resonant ring is a broadband device, some improvement in 
bandwidth was obtained over the compound TE-T M-stub. This type 
of transition was not used because of the mechanical difficulty of sup¬ 
porting the resonant ring by a polystyrene or mica disk, and because the 
compound TE-T M-stub had sufficient bandwidth to satisfy the require¬ 
ments at that time. 

In subsequent designs of TMd-transitions, a better means of support¬ 
ing this resonant ring was devised. If the electric field of the TFu-mode 
in Fig. 6-73 is examined, it will be found that a metal sheet can be placed 
along a diameter across the waveguide so that it is perpendicular to the 
electric field and, therefore, will cause no disturbance of this field. 
Similarly, if metal struts which lie along this diameter to support the 
resonant ring are used, the effectiveness of the resonant ring for this 
polarization is unimpaired. However, if the struts are aligned in the 
direction of the electric vector, the ring is only 50 per cent effective. 
From the discussion in the beginning of this chapter it is seen that only 
one polarization of the TEu -mode can be excited in the right-angle 
transition; that is, the one in which the polarization is along the axis 
of the rectangular waveguide. Therefore, if the struts are oriented 
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perpendicular to the axis of the rectangular waveguide, the resonant ring 
will filter out the TEn-mode. 

With the use of the strut-supported ring, a TMax-mode transition was 
designed to cover the band from 3.13- to 3.53-cm wavelengths. In 
order to obtain a transition from 1- by £-in. waveguide with 0.50-in. 
wall which would be easy to manufacture and which would have no stub 
extending below the rectangular waveguide, the construction shown in 
the drawing in Fig. 6-87 was tried. The 0.980 in. diameter of the 
hole concentric with the round waveguide was experimentally found 



Fig. 6-87.—Filter-ring transitions. The basic construction is similar to that of the upper 
view of Fig. 6-93. 


to give the smallest amount of 2T?n-mode and the best possible 
match at 3.20-cm wavelength with round waveguide 1.188 in. ID. The 
diameter of 0.980 in. matched the transition to about 1.1 and from 5 to 
7 per cent of the energy was propagated in the TExv mode. With 
the addition of a strut-supported resonant ring, the amount of T^n-mode 
was reduced to 1 per cent or less from 3.1 to 3.5 cm. With the ring 
located about xf in- from the bottom, the transition was matched by a 
symmetric inductive window to 1.1 or less over this band. However, 
as the amount of TEn-mode exceeded the allowable half per cent for the 
high-wavelength end of this band, the size of the waveguide was changed 
to see if better mode purity could be obtained. With the waveguide 
of 1.152 in. ID (i-in. tubing with 0.049-in. wall), it was found that the 
transition could be matched over the band from 3.13 to 3.53 cm with a 
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voltage standing-wave ratio of 1.1 or less, with an inductive window; 
the amount of power to the TE u-mode was less than one-half per cent 
over this band (see Figs. 6-87, 6-88, and 6-89). The position of the reso¬ 
nant ring was chosen principally to obtain an r-f admittance which could be 
matched over a broad band by an inductive window in the rectangular 
waveguide. Its effect on the purity of the TWoi-mode is practically 
independent of the distance from the bottom of the rectangular wave¬ 
guide. However, for positions nearer the bottom than f in., its effective- 




Fig. 6 -88.—Purity of -Bo-mode for filter-ring transition (Fig. 6-87a). The ordinate of (a) 
is Ph/Pe as given by Eq. (45), and is derived from the data plotted in (6). 


ness diminishes. Section 7-3 contains a discussion of the application 
of these transitions in rotary joints and an explanation of the effect 
of the strut-supported ring on the 2T?n-mode resonances. 

Although a standing-wave ratio in voltage of 1.1 or less is satisfactory 
for most uses, a better match can be obtained by using a capacitive iris 
in the round guide as well as an inductive window in the rectangular 
waveguide (Fig. 6-87 d); this is the same method used in the transition 
from 1£- by f-in. waveguide which was discussed in a previous part of this 
chapter. The graph in Fig. 6-90 shows the standing-wave voltage ratio 
as a function of wavelength for the initial model. 

Because of the wide use of these transitions, and because of the differ¬ 
ent processes by which they were constructed, two more ways of matching 
were employed: a quarter-wavelength transformer, and a capacitive 
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button. The quarter-wave transformer, which is shown in Fig. 6-876, 
was used to obtain a match at 3.20 cm. Because it has a simple geometry, 
the transformer is especially adapted to the process of electroforming. 
The voltage standing-wave ratio of the transition with this transformer 
is 1.04 or less, from 3.15 to 3.25 cm (Fig. 6-91). 

Button matching is especially suitable to the process of die-casting. 
In this process, a die must be drawn from a rectangular waveguide and 
another from the round-waveguide section of the transition casting. 
By putting a capacity button 0.080 in. high and i in. in diameter at the 
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Fig. 6-89.—VSWR vs. X for the transition of Fig. 6-87a. 



3.30 

Wavelength in cm 

Fig. 6-90.—VSWR vs. X for the transition of Fig. 6-87 d. 


bottom of the transition along the axis of the rectangular waveguide, 
but off the axis of the round guide toward the back of the transition, 
the transition can be matched without the additional machining necessary 
to put in a quarter-wave transformer or an inductive window. Each 
transition will be matched to 1.03 VSWR or less from 3.13 to 3.29 cm 
with a maximum of 1.06 at 3.33 cm as in Fig. 6-92. 

The following procedure was used to determine the position of the 
button. The position of the minimum in the standing-wave ratio 
of the transition without the button was used as a reference point. 
A small button, not quite large enough to remove the mismatch caused 
by the transition, was placed in the transition where it reduced the 
voltage standing-wave ratio. The admittance was plotted with respect 
to the position of the voltage minimum without the button. Having 
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assumed that the button would add shunt capacitance, the two admit¬ 
tances were rotated on the Smith chart until they lay along some con¬ 
stant conductance circle. Successive adjustments of the position were 
made until the button moved the admittance along the conductance circle 
of 1. Then, that height of the button which would bring it into the 
center of the chart was determined experimentally. Locating the proper 
position only by rotating the admittance of the transition toward the 
load is subject to considerable error since the guide wavelength in the 
transition section is not known. 



Fig. 6-91.—VSWR vs. X for the transition Fig. 6-92.—VSWR vs. X for the transition 

of Fig. 6-876. of Fig. 6-87c. 

The optimum bandwidth is attained when the button is 0.088 in. 
from the center line of the round guide. To improve the match for the 
higher wavelengths, the button must be nearer the load; if the button is 
moved farther back, its effect diminishes, and it becomes critical with 
respect to position. Consequently, there is no satisfactory position to 
match for the wavelengths above 3.3 cm. 

The most critical part in this type of transition is the resonant //-ring. 
Tilting an //-ring with the supporting struts as axes tends to affect its 
resonant frequency. One transition was tested in which the ring was 
tilted 0.018 in. (the difference between the height of one end and the 
height of the other end of the ring). Then the ring was adjusted to an 
0.010-in. tilt. The following table gives a comparison of the results. 

Table 6-5.— Results of Tilt of //-Ring 


X 

VSWR 

0.018 in. 

VSWR 
0.010 in. 

3.16 

1.16 

1.09 

3.20 

1.07 

1.05 

3.23 

1.06 

1.00 

3.30 

1.13 

1.09 


Assuming that a change of 0.008 in. in tilt from the level position has 
the same effect as a change from 0.010 in. to 0.018 in., we find that a 
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tolerance of +0.002 in. is allowed for a change of 0.01 in voltage standing- 
wave ratio. Variation in the height of the #-ring is less critical; +0.005 
in. will cause a change in voltage standing-wave ratio of 0.01. 

Another means of eliminating this objectionable TEu- mode is to use 
a metal fin as shown in Fig. 6-93. It has been shown that only one 
polarization of the TEu -mode can be excited in the round waveguide 




by a right-angle transition from rectangular to round waveguide; there¬ 
fore, if there is inserted across the diameter of the waveguide a metal 
fin aligned along the axis of the rectangular waveguide, this polarization 
is short-circuited. One requirement of the fin is that it must be very 
well centered. The type of mode propagated in this half round-wave¬ 
guide section is essentially the jTFn-mode, with one half 180° out of 
phase with the other half, so that a symmetric mode is set up at the 
transmitting end of the fin. If, however, the fin is not centered, then 
the waveguide wavelength in one half is different from that in the other 
half, and a shift in phase between these two halves results in some 
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Ti^ii-inode being excited by the fin (see Fig. 6*94a). This fin also must 
be long enough so that the higher mode in Fig. 6*946 is sufficiently 
attenuated. 

The mismatch of the fin to the TM oi-mode, with the edge rounded, 
is very highly inductive, so that the fin is nearly matched if it is about 
a half guide wavelength long. Figure 6*95 shows a plot of various fin 
sizes and the resulting match to the TM oi-mode as a function of wave¬ 
length. The straight fin will stand no more 
power than the resonant ring. Corona forms 
along the edge of the fin; and, although round¬ 
ing the edges has a salutary effect on the break¬ 
down, it does not eliminate this corona entirely. 

Another means of reflecting the TE n -mode 
is to couple out this mode into shunt arms of 
rectangular waveguide in the same manner as 
the right-angle transitions described in Sec. 
6*17. However, instead of using the full rec¬ 
tangular opening into the round waveguide, a 
narrow resonant slot may be used to couple 
into the waveguide. Four such waveguides 
may be spaced 90° around the TM oi-waveguide 
so that all polarizations are coupled into the 
rectangular waveguides. If the short-circuit¬ 
ing plungers in each arm are adjusted so that 
an effective short circuit is placed at the center 
of the waveguide, all the energy is reflected 
back and the device is a resonant mode filter. 
This type of filter is a selective device, for it 
Fig. 6 -94. —Propagated («) will have little effect on the 7W 0 i-mode trans- 
8 ection tenUated ^ modes in fin mitted in the round waveguide. The currents 
in the TM oi-mode are always in the direction 
of propagation; they are, therefore, parallel to the slots which will not, 
consequently, cut across any currents in this mode. 

Some experiments have been done on this type of mode filter but no 
appreciable band was attained. Figure 6*96 shows the plot of the 
transmission of TFn-mode past a single arm of 1-^- by f~in. waveguide 
on round waveguide 1.152 in. ID. It was thought that by spacing 
the opposite arms a quarter wavelength away as in Fig. 6*97 the band¬ 
width could be increased; but there was some interaction between the 
two sets of arms. At certain wavelengths, more energy was propagated 
in the 7T?u-mode with this type of filter than without it. One funda¬ 
mental fault of this design was that the symmetry of the round-waveguide 
section was not preserved. 
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The purpose of using resonant slots to couple into the waveguide was 
to ensure the 7 1 £’u-mode filter’s introducing as little disturbance as 
possible to the incident 7W 0 i-mode. Since, however, there is very little 
coupling of the TW-mode into a shunt waveguide arm with a full open¬ 
ing, it is possible that a more satisfactory filter may be made, using 
four short-circuited arms 90° apart around the waveguide as in Fig. 
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Fig. 6-97.—Mode filter with two sets 
of stubs spaced X„/4 apart in round wave¬ 
guide. Stubs to reflect 77?n-mode. 


6-98a. Since this is symmetric it will not excite any T^n-mode. Some 
of the TMoi energy will be reflected 
back as well as the TE u-mode, to be 
sure, but if this reflection is not too 
large, it may be matched out by 
inductive diaphragms or it may be 
spaced to cancel the reflection from 
the transition. One is limited some¬ 
what in spacing the filter in the round 
waveguide since that section between 
the filter and the transition itself may 
become resonant in the TE u-mode 
at certain frequencies. One might 
also extend this further and use a long 
section of waveguide, the cross sec¬ 
tion of which is shown in Fig. 6-98, 
which might be designed so that it 
will not propagate the TE’n-mode. 

Another device which may be used to excite the TWoi-mode is shown 
in Fig. 6*99. This should transform nearly 
all the energy into the TMoi-mode without 
the necessity of any mode filters. The 
wave propagated in the two arms of the 
rectangular waveguide T from the input 
shunt arm have the same phase relation. 

Since the two path lengths from the T, 
around the rectangular bands to the center 
of the round waveguide, are equal, this 
waveguide will be excited by a symmetric 
field which theoretically should prevent 
any of the f^n-mode from being 
propagated. 

6*23. Straight-on TM O i-mode Transi¬ 
tions.—In Sec. 6*20, the easiest way of 
exciting the TMoi-mode was discussed, and 
it was decided that this could best be done 
by coupling the round waveguide at right 
angles to the wide side of the rectangular 
waveguide. It is often desirable, however, 
to have the two waveguides on the same 
axis. Some means must be used to excite 
the waveguide with a symmetrical field. 

This may be done by a tapered fin. This fin, when aligned with the maxi- 



—Four stubs to reflect 
TFu-mode. 
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mum electric vector in the TFJn-mode in the round waveguide, will 
divide the waveguide mode into two half-round T^n-modes of equal 
power. In Fig. 6-100 there are 
sketches of the electric field in vari¬ 
ous cross sections of this tapered 
section showing how the field is 
gradually divided into two sections 
with one side 180° out of phase with 
the field in the other half. If the 
round waveguide is tapered to a 
larger size to transmit the TM 0 i- 
mode, then a terminating antenna 
may be used to match the wave¬ 
guide to the TM oi-mode. This 
device, if the fin is centered care¬ 
fully, will excite very little energy in 
the TMn-mode since the symmetry 
is not dependent in any way on 
frequency. 

The length of the taper for this transition was determined to obtain 
the best match for 3.2 cm, which for round waveguide if in. ID is 1.125 



Fig. 6-100.—Field configurations in round waveguide with tapered fin. 

in. A metal rod of i in. diameter was soldered over this taper to provide 
rounded edges in order to cut down the possibility of corona and voltage 



citing round waveguide in a symmetrical 
manner. The input waveguide, at the 
bottom, branches by means of an H- 
plane T. 
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breakdown. On the basis of the theory of tapered transmission lines, 
it would be expected that if this taper were made very long it would be 
very well matched over a broad band. Lengthening this type of taper, 
however, makes the mismatch worse. A study of the cutoff wavelength 



Fig. 6-101.—Cutoff wavelength for round waveguide with fin, FEn-mode. 


as a function of the dimension of the fin in Fig. 6*101 indicates that 
the cutoff wavelength may become infinite as the height of the fin 
approaches the diameter of the waveguide. This, of course, would intro¬ 
duce a large discontinuity in the impedance at this point. The design 
of this transition has not been finished. If a capacitive iris in the round 
waveguide, together with an inductive iris in 
the rectangular waveguide, is used to match 
this transition, a good match may be obtained 
over a fairly broad band. 

Another technique of obtaining a straight- 
on TM oi-transition is shown in Fig. 6*102. 
In this transition a fin is placed across a 
diameter in the round waveguide so that it 
is perpendicular to the electric field. In this 
way, the incident power is divided in half with 
Fig. 6 - 102 .— Fields in wave* very little mismatch. Now, if a phase shift 
guides divided by a diametral D f 180° i s introduced into one half of this 
waveguide section, then a symmetrical field 
may be formed exactly like the right-hand sketch in Fig. 6* 100. This phase 
Shift may be accomplished by a section of dielectric or a metal half-round 
rod as in Fig. 6*103. The half-round rod has some advantages since this 
section of waveguide will propagate only the TFn-coaxial mode; and then 
its cutoff wavelength can be calculated. As in the previous design, the 
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Coaxial phase shifter Dielectric phase shifter 



Matching taper Dielectric quarter-wave matching 

transformer 

Fig. 6-103.—Two possible means of obtaining a phase shift and appropriate matching 
sections. 


round waveguide should be tapered to one of larger size which propagates 


the TM oi-mode; the same terminating antenna 
may be used. The addition in the round 
waveguide of some filter, such as a resonant 
ring, will increase the bandwidth. 

A shorter straight-on transition is possible 
if a stub is used to introduce the phase shift. 
In this transition, the dividing fin is placed in 
the rectangular waveguide and a series stub is 
placed on one side as shown in Fig. 6T04. 
This fin is also extended into the round wave¬ 
guide, and no gradual taper from the rectangu¬ 
lar section to the round is needed. The same 
antenna is used to terminate this fin. With 
the introduction of a resonant ring, such a 
device appears to be capable of being matched 
over a broad band. 

6*24 High-power Capacity.—In the course 
of designing these transitions, some tests were 
made on their power capacity. For most of 
these tests, the round waveguide was matched 



to space by means of a flared horn. This made Fig - 6104.—straight-on 

., ... , . Till j. TM oi-transition with stub 

it possible to observe where breakdown actually phase shifter. 
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occurred in the transition. Since only 100 to 200 kw peak power was 
available for test, the transition with its matched horn was placed inside 
a bell jar of a vacuum system. Then the air was drawn out until arcing 
occurred. The following chart of power breakdown for atmospheric 
pressure was calculated, assuming that the peak-power breakdown varies 
directly as the £ power of the pressure and is inversely proportional 
to the square root of the pulse width up to 2 yusec. If the repetition rate 
is increased by a factor of 4, the peak power necessary for breakdown is 
decreased by 30 per cent. 

There are many factors that determine the power capacity of a transi¬ 
tion, such as the width of air gaps in the transition and the presence of 
sharp comers and of dust or fine metal filings. Cleanliness seems to be 
an especially important factor in ensuring the best power capacity of a 
particular design. When each transition was tested at first, frequent 
“splitting” or “sputtering” occurred from the sharp comers, but as 
the transition was continued under high power, this spitting gradually 
ceased. Greater consistency is obtained if the sharp comers are elimi¬ 
nated by rubbing with steel wool and the transition is blown clean by an 
air blast. 

6*25. Summary.—In the previous paragraphs we have discussed in 
detail the transitions that were developed, or were attempted, at the 
Radiation Laboratory. In designing these transitions, with the possible 
exception of the round waveguide in the transition for 1.25 cm, the inquiry 
was consistently limited to standard tubings. This was especially true 
in the case of the rectangular waveguide which was standardized by the 
Army and Navy. Therefore, if a simple transition, containing no 
filters for the TE-mode, excited nearly pure mode, this was a happy 
coincidence; and if the combination of waveguides and wavelength were 
not right, various TE -mode filters had to be tried to obtain the satisfactory 
TMoi-mode purity. It is possible that the purity of the mode in the 
round waveguide in such a simple transition results from the optimum 
adjustment of four dimensions: the height and the width of the rec¬ 
tangular waveguide, the diameter of the round waveguide, and the posi¬ 
tion of the short-circuiting plunger. There were not many parameters 
with which to work, but it is possible that broader bands could have 
been obtained if a greater investigation of these parameters had been 
made. For instance, one might investigate the effect that the height 
of the rectangular waveguide would have upon the mode purity in a wave¬ 
guide of a given diameter when the plunger is adjusted for minimum 
excitation of the TFn-mode. Also, the effect of the wide dimension 
of the rectangular waveguide might be investigated. If these investiga¬ 
tions were made over the entire frequency range where the TMoi-mode 
will operate without higher modes, they would give adequate data to 



Sec. 6-25] 


SUMMARY 


405 


enable an engineer to design a simple transition which could be manu¬ 
factured for any desirable band from standard tubings. Of course one 
could scale the transitions described in this text by the ratio of the 
wavelengths for the known transition to the wavelength of the new band 
and obtain a set of dimensions which would be as good for the new band; 
but in a great majority of the cases, these dimensions would be very 
odd indeed, and would not correspond to any standard tubings available. 
Consequently, a fundamental series of investigations, such as those pro¬ 
posed here, would be desirable if further designs of the TM ^-transitions 
were contemplated. 


Table 6-6.—Breakdown of TWoi-Transitions 


Transition 

Fig. 

No. 

Wave¬ 

length, 

cm 

Break¬ 
down, 
kilo¬ 
watts, at 
1 /-sec. 
1000 cps 

Rating, 
kw, for 
factor of 
safety 
of 2 

Weakest point 

Compound TE—TM stub.. 

6-82 

3.2 

250 

125 

Across rectangular 
waveguide edges at 
opening into round 
waveguide 

Strut-supported resonant¬ 
ring filter. 

Fin filter (breakdown at 

6-87 

3.2 

900* 

450 

Junction of rectangu¬ 
lar and round to bot¬ 
tom of rectangular 
comer of ring 

fin). 

6-93 

3.2 

550 

276 

Along edges of fin 

High-power transition, 
rounded corners. 

6-79 

3.2 


1250 

No arcing at 200 kw 
peak power to 10 cm 
pressure 

Straight-on tapered fin. . . 

G-100 

3.2 

440 

220 

From top of taper to 
top of round wave¬ 
guide near point 
where fin is nearly 
across waveguide 

Transition with rectangu¬ 
lar plug in bottom. 

6-75 

1.25 

70 

35 

Junction of rectangu¬ 
lar and round to bot¬ 
tom of rectangular 


* Sharp edges taken off with steel wool, and transition thoroughly cleaned by air blast. 
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MOTIONAL JOINTS 

By F. L. Niemann, F. E. Ehlers, and F. T. Worrell 

In microwave system installations it is usually necessary to provide 
for relative motion between components at one or more points in the 
r-f transmission line. The shock-mounting of the different components 
and the searching or scanning motions performed by radar antennas, for 
example, require motional joints in the coaxial line or waveguide which 
have a variety of degrees of freedom. It is the purpose of this chapter to 
discuss the electrical design of the various devices that fulfill these require¬ 
ments. The mechanical aspects are treated in other books of this series, 
e.g., “Radar Scanner Enginering,” and will be mentioned here only in 
so far as they affect, or are affected by, the electrical characteristics. 

There are two general electrical considerations that apply to all 
motional joints. First, they must provide a good impedance match (a 
voltage standing-wave ratio of about 1.2 or less) for all required dis¬ 
placements. This involves the problem of mode purity, in certain 
cases, since the presence of undesired field configurations can give rise to 
resonances which appear as large reflections in the transmission line. 
As is mentioned in Chap. 6, this requirement of impedance match is 
imposed by the sensitivity of most microwave oscillators to their load 
impedances and by the effect that large standing waves may have on the 
operation or power-handling capacity of other transmission-line compo¬ 
nents. The power lost through reflection at a mismatched component 
is usually so small as to be a secondary consideration. Second, special 
precautions are frequently necessary to minimize the r-f leakage from 
these components in order to prevent interference with receiving equip¬ 
ment or, when systems have very high power, to prevent damage from 
sparking to the moving mechanical parts of the unit such as the bearings. 

A mechanical consideration that affects most of the designs for 
motional joints is that of pressurization, discussed to some extent in 
Chap. 3. It is sometimes desirable to operate a microwave trans¬ 
mission line under considerable pressure or to maintain sea-level pres¬ 
sures at high altitudes to reduce the likelihood of breakdown at high 
powers. In systems designed for ship installation or for operation in the 
tropics or other regions having high humidity, the transmission line 
is kept dry by the introduction of dry air at a pressure slightly greater 
406 
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than atmospheric. Therefore, it has become standard practice to provide 
for pressurization in the design of nearly all microwave transmission-line 
components. In terms of the type of motion for which they are designed, 
motional joints may be classified as (1) rotary joints, and (2) other types 
of motional joints. Each category includes designs for both waveguide 
and coaxial line. 

Rotary Joints .—Rotary joints provide for continuous rotation in 
either direction about one axis. This requires field configurations 
with symmetry about the axis of rotation. In practice either the 
TEM -mode (dominant coaxial mode) or the TM oi-mode in round wave¬ 
guide is used. A round-waveguide rotary joint using a circularly 
polarized TEn-mode has been developed experimentally. In systems 
where the coaxial mode is used throughout, the electrical problem is 
relatively simple. More frequently, however, the transmission line 
consists of rectangular waveguide carrying the TEio-mode, so that 
transitions to a symmetrical mode are required for the rotary joint. 
The transition problems have been treated in Chap. 6. 

Other Types of Motional Joints .—There is often need for joints that 
provide for translational displacements that are small compared with a 
wavelength or for rotations of considerably less than 360°; these usually 
do not involve a change of mode. Such joints include vibrational or 
alignment joints, which allow very small translational and rotational 
displacements in any direction or about any axis; “swivel” joints, which 
permit rotation through fairly large angles about the longitudinal 
axis of the transmission line; hinge joints, for small angular displacements 
about either of the transverse axes; and universal joints for angular 
displacements about both transverse axes simultaneously. Most of 
these devices have been designed for rectangular waveguide although a 
few have been built for coaxial line. The function of the vibration or 
alignment joint is sometimes accomplished through the use of flexible 
waveguide or coaxial cable (see Chap. 5). These require considerable 
space, however, and are not to be recommended for applications involving 
continuous motion. 

MOTIONAL JOINTS IN COAXIAL LINE 

By F. L. Niemann 

7-1. General Design Considerations for Coaxial Rotary Joints.— 

Since the field configurations for the TEM- or dominant mode in coaxial 
line are functions of the radius only, they are suitable for a continuous 
rotary motion about the axis of the line. Impedance-matching is 
therefore quite simple, and the chief problems in the design of such a 
joint are mechanical in nature. The major electrical requirement is 
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that there be a low impedance in series with the line at the point of dis¬ 
continuity where there is relative motion between the rotating and fixed 
parts. An impedance minimum (and therefore a voltage minimum) 
is necessary in order to prevent burning of contacts, to minimize leakage, 
and to match the discontinuity. For low-speed joints operating at low 
powers, a well-designed mechanical “wiping” contact on both inner and 
outer conductor is satisfactory. A more desirable arrangement that 
allows high speeds of rotation and operates well at high powers is the 
following. As small a gap as it is convenient to make mechanically is 
left between the moving and the fixed parts of the conductor. A coaxial 
choke section (r-f) 1 is placed in 
series with this gap in one of several 
possible arrangements that will 
produce a low series impedance at 
the gap. Two of these arrange¬ 
ments are shown in Fig. 7*1. In 
Fig. 7-la the choke section consists 
of a quarter wavelength of coaxial 
line terminated in an open circuit, 
the fields being rapidly attenuated 
in the region beyond the coaxial sec¬ 
tion. This places a low impedance 
at the discontinuity between the 
two parts of the conductor. This 
arrangement is applicable only to 
the center conductor, since, in the 
case of the outer conductor, the 
chokes must be designed to come 
outside the conductor, and a perfect 
Ro.7-l.-Co«Mchok«m rotary joiate. open circuit fe not possible . Figure 

7-16 shows chokes of slightly different constructions on both inner and outer 
conductors. These chokes consist of half-wavelength sections terminated 
by short circuits. This arrangement also places a low impedance across 
the gap. Each half-wavelength section consists of two quarter-wave¬ 
length sections, one of which has several times the impedance of the 
other. As is shown in Chap. 2, this greatly reduces the frequency 
sensitivity of the choke; well-made junctions of this kind have almost 
unmeasurable reflections over as much as a 30 per cent band. Further, 
these chokes are so designed that the short circuit occurs just a quarter- 
wavelength from the point of contact. This places a high impedance 
and, therefore, a current minimum in this region. This design has a 
further advantage over the quarter-wavelength section in that the center 
1 The theory of r-f chokes is discussed in Chap. 2. 






Sec. 7-2] EXAMPLES OF ROTARY JOINT CONSTRUCTION 


409 


conductors of the two members may be joined in a bearing and thereby 
be more rigidly supported. 

In practice, the use of these chokes results in a completely satisfactory 
impedance match for a rotary joint. However, in certain units used at 
hi gh powers, leakage sufficient to cause damage to the bearings has 
occurred through these chokes. The elimination of this effect by the 
use of an absorbing material will be discussed later. 

7*2. Examples of Rotary Joint Construction.—The chief differences 
among the various ways of constructing coaxial rotary joints are mechani¬ 



cal in nature and are determined by the speed of rotation, temperature, 
loading, and pressure difference under which the joint is to be operated. 
The final solutions to some of the problems involved have not been 
obtained; the several examples presented here are representative of 
designs developed during the last few years at various stages of progress 
in microwave engineering. Most of them could be improved by the 
utilization of later developments, particularly in the technique of low- 
temperature high-speed pressure seals. Also, in certain cases the designs 
were intended for applications not requiring high-speed or low-tempera- 
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ture operation, and the units could be simplified by the use of sleeve 
bearings and neoprene seals. For speeds greater than a few hundred 
revolutions per minute, or for heavy loading, or both, ball bearings are 
necessary. If, in addition, the joint is to be operated over a wide range 
of temperatures and pressures, as in the case of aircraft installations, a 
Sealol type of pressurizing seal is more successful. 

Figure 7-2 shows a design for a 10-cm rotary joint in -&-in. coaxial 
line. This rotary joint is designed for fairly low speeds, of 60 rpm or 
less, and both the inner and outer conductors are made of beryllium- 
copper or phosphor-bronze and slotted to form “fingers” which, under 
tension, provide a good mechanical wiping contact. A sleeve bearing 
and a neoprene- or rubber-lip seal are satisfactory for the conditions 
under which this unit is designed to operate. The particular applica¬ 



tion for which this was designed required a right-angle connection so 
that the center conductor is supported by a right-angle quarter-wave¬ 
length stub. It could equally well be supported by “straight through” 
stubs or by means of beads if the power rating is not a limiting factor. 
If a special low-temperature neoprene is used in the pressurizing seal, 
the unit should be satisfactory at temperatures down to about — 20°C. 
However, since this rotary joint was designed for low-power and low- 
speed applications, pressurization was incorporated chiefly as a means 
to keep out dirt and moisture. The unit has had only limited application. 

A later design of a 10-cm rotary joint is shown in Fig. 7-3. This is 
for a bead-supported f-in. coaxial line and incorporates coaxial chokes 
at the discontinuity. A quarter-wavelength, open-circuited section 
is used on the center conductor and a two-section, half-wavelength, 
short-circuited choke coupling on the outer conductor. It should be 
noted that the close spacing desirable in these couplings requires a very 
accurate alignment of the bearings. If low-temperature neoprene is 
used in the seal, this unit should be satisfactory for speeds of 300 rpm 
or less and should be effectively pressurized at temperatures down to 
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—20°C. In both these specifications the seal is the limiting factor. 
Use of the Sealol type should permit operation at speeds of several 
thousand revolutions per minute and at temperatures considerably 
lower than — 20°C. 

In this design, as in most others, it is desirable to have the seal come 
between the choke sections and the bearings. This arrangement pre¬ 
vents the leakage of oil or grease into the chokes and helps to shield the 
bearings from any radiation that may leak through the chokes. In 
certain high-power applications, it is necessary to take further precau¬ 
tions to prevent damage to the bearings from r-f arcing. 

In the design for a £-in. stub-supported coaxial rotary joint shown 
in Fig. 7-4, the two-section half-wavelength broadband choke is used on 



both the inner and the outer conductor. This allows the inner con¬ 
ductor to be supported at the discontinuity by means of the steel pin 
turning in a graphited-bronze (Morganite) bearing. Because it has 
sleeve bearings and a low-temperature-neoprene seal, this joint should 
probably not be operated at more than two or three hundred revolutions 
per minute nor at less than — 20°C for continuous service. It has, 
however, been run satisfactorily at 600 rpm and at room temperature for 
50 hr. In this design one of the Oilite bearings is between the choke 
and the seal. This arrangement is undesirable, in general, but has given 
no trouble in a number of different applications; it should be satisfactory 
provided that the joint is not operated at too high a power or at speeds 
of rotation at which the Oilite becomes overheated and exudes oil which 
can affect the operation of the choke sections. Two versions of this 
design differing only in the direction of the input line are pictured in 
Fig. 7-5. 

A coaxial rotary joint, also in £-in. line, designed expressly for high 
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speeds, heavy loading, and low temperatures is shown in Fig. 7 G. In 
addition to the half-wavelength choke sections and the graphited- 
bronze bearing on the inner conductor, it has two large ball-type main 
bearings, a Sealol pressurizing seal, and a balanced double-stub support 
on the rotor. This unit is designed for 3000 rpm and for temperatures 
down to —50°C. 



Fig. 7*5. —J-in. coaxial stub-supported rotary joint. 



These examples, chosen as typical of a large number of slightly differ¬ 
ent modifications, are all for 10-cm wavelengths. They can, of course, 
be adapted to both longer and shorter wavelength bands; models have 
been designed for wavelengths as long as 25 cm and as short as 3 cm. 
However, at the short wavelengths, machining tolerances become almost 
prohibitively small, and for the 3-cm and 1-cm bands, coaxial rotary 
joints have been replaced almost entirely by the TWoi-mode rotary 
joint. 

There has been little reference to the power-handling capacity of these 
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joints because they are usually capable of transmitting at least as much 
power as the coaxial line itself can support. The power-handling capacity 
of the coaxial line is limited by the bead supports or by the coaxial 
transformers on the broadband stub supports (see Chap. 4). When the 
coaxial mode is utilized for a rotary joint in a high-power system having 
a waveguide transmission line, however, the coaxial section and its 
transitions to waveguide are frequently a limiting factor in the power 
rating of the system. This problem is to be discussed in a later section. 

A similar consideration applies to the bandwidth of these joints in 
terms of the allowable impedance mismatch. As has been mentioned, 
the match provided by the two-section, half-wavelength, coaxial chokes 
is very good (the voltage standing-wave ratio is less than 1.05 if the 
choke sections are properly made) 
over a band which is probably some¬ 
what wider than that for which a 
broadband stub support is as well 
matched. Bead supports in coaxial 
line usually constitute even more of a 
limiting factor in terms of match 
and bandwidth than do the stub 
supports. 

A possible type of rotary-joint 
construction developed by the Naval 
Research Laboratory, which is not limited by chokes or by stub or bead 
supports in the frequency band over which it is usable, is shown in 
Fig. 7-7. It consists of a dielectric-filled coaxial line with a tapered 
contact that provides a long leakage path between the dielectric sections. 
The dielectric used is du Pont Poly F-1114, polytetrafluorethylene, 
called “Teflon.” This has very good bearing properties and is highly 
resistant to chemical action. The contact is lubricated with Ignition 
Sealing Compound, which has a dielectric constant approximately the 
same as that of Teflon and has good high-voltage insulating properties. 
Spring-finger contacts are used on the inner and outer conductors. 
This type of joint should be usable at any frequency up to the cutoff 
frequency of the second coaxial mode. In a dielectric-filled line this, 
of course, occurs at a lower frequency than in an air-filled line of the 
same over-all dimensions. However, at microwave frequencies the 
power loss in the dielectric becomes appreciable. Furthermore, because 
of the dielectric and the mechanical contacts, such a joint is limited to 
low speeds and low average powers. 

7*3. Other Coaxial Motional Joints. —It is difficult mechanically to 
provide for relative motion between sections of coaxial line other than 
motion about the axis of the line, as in rotary joints. Various methods 



Fig. 7-7.—Contact-type dielectric-filled 
rotary joint. 
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have been proposed and some actually used experimentally with a 
certain amount of success. Since waveguide joints for these motions 
are considerably simpler and usually more satisfactory than coaxial 
joints, little use has been made of coaxial line for this purpose. In 
systems using coaxial line throughout, however, it is not always con¬ 
venient to use a waveguide motional joint. 

An example of a coaxial universal joint for small angular displace¬ 
ments is shown in Fig. 7*8. It is capable of about ±3° angular dis¬ 
placement about both transverse axes simultaneously. It was used 
in a “conical scan” antenna for an accurate direction-finding radar 
system. The desired beam scan with fixed polarization was obtained 
by an off-center nutating motion of the antenna feed. The conventional 



chokes are slightly modified to allow for the small angular displacement. 
The dimensions of the coaxial line are increased to facilitate the mechani¬ 
cal construction, but the line impedance is maintained at very nearly 
50 ohms throughout. The two step discontinuities in diameter introduce 
approximately the same susceptance and are placed a quarter wavelength 
apart so that reflections from them cancel at the design wavelength. 
The discontinuities at the gap between moving parts in the inner and 
outer conductors are also a quarter wavelength apart for the same reason. 
Since this unit was designed to be operated at fairly high speeds (1800 
rpm), a balanced double-stub support for the center conductor is used 
on the rotor. This design should be satisfactory for powers at which 
it is safe to operate ^-in. stub-supported coaxial line. However, because 
of the comparatively large susceptive discontinuties occurring at the 
changes in the size of the line, this motional joint is probably well matched 
for a rather narrow band, probably not more than 5 per cent for a voltage 
standing-wave ratio of less than 1.1. 

A somewhat more complicated motional joint that provides for 
qmn.ll displacements in all degrees of freedom, translational and rotational. 





Sec. 7-3] 


OTHER COAXIAL MOTIONAL JOINTS 


415 


is shown in Fig. 7-9. The mechanical design, although simple, creates 
some interesting impedance-matching problems. Chokes are used at 
all points of contact, so that good electrical contact between moving 
parts is not essential. In order to make this construction feasible 
in a unit designed for use with -g-in. coaxial line, a coaxial line of larger 
size is used in regions of contact. However, in order to allow the desired 
longitudinal motion, the size of the inner conductor in these sections 
cannot be changed; therefore, several sections of coaxial line having 
different impedances are necessary. To provide for impedance-matching 
over a useful band, a half-wavelength taper in the outer conductor is 
used between the standard i-in. line and the largest coaxial section. 



"Folded" Choke couplings 

Fig. 7-9.—Coaxial motional joint for small translational and rotational displacements. 


The four different impedances— Z h Z 2 , Z 3 , and Z 4 —are designed to have 
approximately the relationship 

/zA 2 z, /zA 2 
\zj z 2 \z 3 )’ 

or 

21og| = log| = 21og|; 

that is, the logarithmic increment between Z 3 and Z 2 is twice that between 
Z 2 and Zi or between Z 4 and Z 3 . As discussed by Slater 1 and in Chap. 6 
of this book, this is the condition for broadband matching with two 
quarter-wavelength transformer sections. 

The line section of impedance Zi is made large enough so that the 
choke sections on the inner conductor can be machined with reasonable 
ease. The susceptive discontinuity between Z 2 and Z 3 is also made 
twice that between Z x and Z 2 or between Z 3 and Z 4 , which are made 
approximately equal. Because of the quarter-wavelength spacings, 
reflections from the first and last of these discontinuities add and are 
Canceled by that from the center discontinuity. Actually, Z 4 is some- 
1 J. C. Slater, Microwave Transmission, McGraw-Hill, New York, 1942, p. 57. 
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what different from the value that would be given by the relation pre¬ 
viously stated. It is adjusted so that the reflections from the Z 4 -to-Z 3 
discontinuity on either half of the unit (which will add since they are a 
wavelength apart) are canceled over an appreciable band by the reflection 
from the stub support for the inner-conductor section. The variation 
of the voltage standing-wave ratio with wavelength can be given a 
final adjustment in design by varying the position of the short-circuiting 
plug in the stub support. 

Although the development of this joint for production or system 
use has never been completed, initial results indicate that it should be 
possible to build such a device having a VSWR of less than 1.2 over 
about a 10 per cent band. With properly rounded edges on the coaxial 
transformers, the unit should be capable of carrying as much power 
as can safely be used with £-in. stub-supported coaxial line. 


WAVEGUIDE ROTARY JOINTS 


By F. E. Ehlers 


If a section of waveguide transmission line must be rotated about 
an axis with respect to another section, as in scanners for radar equip¬ 
ment, some sort of round-waveguide section may be used. It is neces¬ 
sary that the round-waveguide section should be one that propagates 
a symmetrical mode (such as the TWoi-mode or circular polarization 
in the TEu- mode), or one that has some means of rotating the polariza¬ 
tion of the TE u-mode. 

7*4. Resonances in Rotary Joints.—The most satisfactory method of 
obtaining a waveguide rotary joint is by the use of the TWoi-mode. 



Fig. 7*10. —Choke sections in round waveguide for TM oi-mode. These designs are for 
wavelengths of 3.3 cm and 1.25 cm. 


This may be done by using two TM 0 r~TEw-mode transitions and a 
choke section in the round waveguide as shown in Fig. 7T0. The 
details of designing a choke for a broad wavelength band will not be 
treated here for they have been covered in Chap. 2. Since the coaxial 
sections in the choke will be excited by a symmetric field, they must be 
computed on the basis of the principal coaxial TEM- mode. 
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The difficulties of making a transition from a rectangular waveguide 
that produces a pure TAf 01 -mode in the round waveguide were dis¬ 
cussed at considerable length in Chap. 6. The design of several transi¬ 
tions was described in which as little as one-half of 1 per cent of the 
energy is propagated in the TEu-mode. With this small amount of 
energy in the TE-mode there will be very little variation in the reflection 
from the rotary joint and no variation in the output power with rotation. 
However, if the transitions should excite as much as 1 per cent of power 
in the TEu-mode, variations in the input voltage standing-wave ratio 
of about +0.02 with rotation may be encountered. The amount of 
this variation will depend on two things: the relative amount of TEu- 
mode in the round-waveguide section, and the variation with angle of 
polarization of the impedance of the transition to the TEu-mode in the 
round waveguide. When the right-angle transition from rectangular 
to round waveguide is used, only one polarization of the TE-mode is 
propagated in the round waveguide, and that is one in which the electric 
vector is parallel to the rectangular-waveguide axis. Therefore, energy 
in the TE-mode in the round waveguide, which is polarized at 90° to 
the rectangular-waveguide axis, will be totally reflected from the transi¬ 
tion. If there is any energy in the TE-mode with a polarization parallel 
to the rectangular-waveguide axis, a small fraction of this will be prop¬ 
agated in the rectangular waveguide. As the joint is rotated, then, 
different amounts of energy will be propagated in the rectangular wave¬ 
guide and cause variations of the input voltage standing-wave ratio 
and of the output power. Some variation will also occur in the input 
voltage stan di n g -wave ratio if the electrical length of the round-wave¬ 
guide section for the TEu-mode changes with angle of rotation, thereby 
introducing a varying reactance to the transmission line. 

Even with as little as one-half per cent of TEu-mode in the round 
waveguide, resonances may be obtained in the round-waveguide section 
if its equivalent electrical length is equal to an integial number of half 
wavelengths in the TEu-mode. The theory of these resonances has 
been worked out. 1 The following relation gives the condition for 
resonance in the round-waveguide section: 

l n , cos -1 [cos (r? + 7) cos 2 6 + cos (r? — 7) sin 2 0] n . 

“ 2 + 4tt ' W 

In this equation, l is the length of the cylindrical waveguide measured 
between corresponding points in the two mode transformers whose 
position is specified below; X„ is the wavelength in the TEu-mode; 
0 is the angle of rotation; and n is an integer. The total shifts in phase 
1 H. K. Farr, “Theory of TAfoi-Mode Rotary Joints,” RL Report No. 993, Jan. 
15, 1946. Also Vol. 21, Chap. 10, of the Series. 
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of the position of the minimum of the TFn-wave with angle of rotation 
for the two transitions are, respectively, 77 and 7 . The values of 77 and 7 
may be obtained experimentally. If the TE u-mode is polarized parallel 
to an axis of symmetry, then all the energy that is reflected back will 
be in that polarization. For a right-angle transition from rectangular 
to round waveguide, this axis of symmetry is along the middle of the 
rectangular waveguide. Since no energy can be excited in the polariza¬ 
tion at 90° to this axis of symmetry, any energy of that polarization 
in the round waveguide will be totally reflected without change of 
polarization. If the TEu- wave, which is oriented differently from one 
of these polarizations, is reflected from a transition, then the reflected 
wave consists of two polarizations that are parallel and perpendicular, 
respectively, to the axis of symmetry. The phase difference in radians 
between the positions of the minima for these two polarizations in one of 
the transitions is 77, and 7 is the value for the other transition of the 
rotary joint. Then 77 and 7 may be computed from the relations 



each x is the distance between the position of the minimum in the round 
waveguide for the TUu-polarization parallel to the axis of symmetry 
and the minimum for that polarization which is perpendicular to the 
axis of symmetry; and X 0 is the wavelength for the TE u-mode. 

If there is no shift in phase between these two polarizations, there 
is no variation with rotation, and the resonant condition is 

l _ n , 

2 ’ 

and for the next higher resonant wavelength, 
l _ n — 1 
2 

Calculating the bandwidth between resonant wavelengths, we have 


AX, — X,^ Xff, 



As the number of half wavelengths in the round waveguide, and therefore 
the length of the waveguide, is increased, the bandwidth between reso¬ 
nances is decreased. In general, it is best to use a short rotary joint in 
order to obtain as broad a band as possible. If the rotary joint is made 
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less than one-half wavelength, there is some coupling between the two 
transitions of the asymmetrical fields near the junctions of the rectangular 
and round waveguides. This coupling will cause a variation in the 
input impedance of the joint with rotation. 

A further limitation of the bandwidth between resonances is pro¬ 
duced by the difference in phase between the reflections from the tran¬ 
sitions of the two polarizations that are parallel and perpendicular to 
the axes of symmetry of the transitions. Figure 7-11 is a plot of resonant 



Fig. 7-11.—Plot of resonant wavelengths for several values of rj with identical transitions. 


wavelength for different values of 17 when the two transitions are identical 
and, therefore, 17 = 7 . From the graph we see that, when 17 is equal to 
7 t/ 2, or the phase difference is a quarter wavelength, there is no band 
that is free of resonances. For 17 equal to zero, there is no spreading of 
the resonances with rotation but, as the value of 17 is increased, this 
spreading increases. Therefore, in the design of 7W 0 i-transitions for 
rotary joints, every effort should be made to minimize the phase shift 
between the two polarizations. 

Some interesting phenomena may be observed in these resonances. 
From Fig. 7-11, we see that if 17 = 7 , the two pairs of resonances come 
together at 90° and reach their maximum spread at 0 ° and 180°. How¬ 
ever, if the two transitions are different—that is, v 5 * 7 —these two 
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resonances do not come together (see Fig. 7-12). As ij — y becomes 
larger, the spread of resonances at 90° and 270° increases. If i) = 0, 
there is no variation of these resonances with angle of rotation, but there 
are two fixed resonances that differ in fractions of a guide wavelength 
by y/2 t. Now, if rj be fixed and y varied, some improvement is made 
on the total spread of resonances if 7 is made as small as possible. 
Therefore, if it is possible to improve the phase difference for one tran¬ 
sition, an improvement will be obtained in the complete rotary joint. 



Fig. 7-12.—Resonant wavelengths with transitions with unequal values 17 and 7. 

These deductions from the theoretical formula have been taken into 
account in the actual design of rotary joints. 

7*5. Rotary Joints Using Transitions with the Compound TE-TM- 
stub.—Complete studies have been made on the resonances in rotary 
joints composed of the three types of the TM 01 -transitions discussed in 
Chap. 6 . One of these is the transition which uses a compound TE- and 
TM-mode round-waveguide stub that supports the TFn-mode. For 
this transition, the change in phase of the reflection coefficient for the 
TIE*n-mode with varying polarization is very small. Thus, there is little 
spreading of the resonances with rotation. It was found that for the 
±1 per cent band centered at 3.20 cm, resonances occurred when the 
distances measured between the centers of the rectangular waveguides 
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were equal to an integral number of half wavelengths (see Fig. 7*13). 
Permissible lengths which cover the band from 3.17- to 3.23-cm wave¬ 
length were determined experimentally and given in Table 7-1. A 


Table 7-1.— Permitted Lengths L of Rotary Joint 
2.44- 3.90 cm 12.81-13.92 cm 


4.51- 5.90 
6.58- 7.91 
8.66- 9.91 
10.73-11.92 


14.88-15.93 

16.96-17.93 

19.03-19.94 

21.11-21.94 


general empirical formula for the resonant lengths that must be avoided 
is given by 


1.90 + 2.005w < L < 2.44 + 2.075n, 

where L is the distance in centimeters 
between the centers of the rectangular 
waveguides, n is a whole number, and 
2.005 and 2.075 are half the wave¬ 
guide wavelengths in the TEn -mode 
for a waveguide with an inner diame¬ 
ter of 1 t^ in. at 3.17 and 3.23 cm re¬ 
spectively. For n = 22 or larger, 
the resonant regions begin to overlap 
at the edges of the ± 1 per cent band- 
For this reason a length L = 40 cm 
is the upper limit for a rotary joint 
that will perform well over a band 
from 3.17 to 3.23 cm. Within the 
range of the lengths listed above, the 
input voltage standing-wave ratio 
should vary less than +0.01 with 
rotation. The variation is least for 
the lengths halfway between the reso¬ 
nant lengths; and to eliminate the 
possibility of high standing-wave 
ratios near resonance, the extremes 
of the permitted lengths should be 
avoided. 

Since each one of these transitions 
of the rotary joint will have a voltage 
standing-wave ratio of 1.1 at the 
extremes of the band from 3.17 to 



Fig. 7-13.—Assembly of rotary joint and 
^-transformers. 


3.23 cm, the input voltage standing-wave ratio of the complete rotary 
joint will vary from 1.2 to perfect match depending on the spacing 
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of the two transitions. It is possible to choose the length L so that, 
with the change of impedance with wavelength, the two transitions will 
cancel each other at the center of the band. The empirical formula for 
L that gives this cancellation is 

L = 5.0 + 2.75 n, (3) 

where 2.75 cm is equal to a half wavelength in the TM 0 i-mode for this 
waveguide at 3.20 cm. 

For small values of L satisfying Eq. (3), this cancellation is very 
good; for long lengths, the phase change with wavelength is so large 
that there is little advantage in using this relation. It must be remem¬ 
bered that the primary restriction on the length L is the necessity of 
avoiding resonances in the TEn-mode. Within the range of permitted 
lengths, L may be chosen to satisfy Eq. (3) as nearly as possible. 


1.00 



\L=9.4c 

— 

n 




N 

s. 



L=7?fcm 




3.14 3.16 3.18 3.20 3.22 3.24 

Wavelength in cm 

FiO. 7-14. —Voltage standing-wave ratio of TM 01-rotary joint with compound TE-TM~ 
stub. 


The input voltage standing-wave ratio for two typical completed 
rotary joints as a function of wavelength is shown in Fig. 7T4, The 
curve for L = 7.5 approximately satisfies Eq. (3). For the length of 
9.40 cm. however, the reflections from the two transitions add at 3.23 cm. 
This represents about the worst mismatch that can be expected for any 
value of L. 

7-6. Resonances in the High-power Rotary Joint.—This rotary joint 
consists of two transitions of the type shown in Fig. 6-79, Sec. 6-22. In 
this transition, a round short-circuiting plug is used in the rectangular 
waveguide and all sharp corners are rounded to increase the power¬ 
handling capacity. Because of these rounded surfaces, the transition 
must be manufactured by the processes of die-casting or electroforming. 
This transition contains no mode filters in the round waveguide; and 
consequently, there is little spread of the resonances with rotation. In 
Fig. 7’15 the resonant wavelengths are plotted against the total length 
of the round waveguide measured between the bottom surfaces of the 
rectangular waveguides. The shaded region indicates the total spread 
with rotation of the resonances. This spread is practically independent 
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of frequency. To find the limits of a resonance-free band of a rotary 
joint of a given length from Fig. 7*15, one should follow along a vertical 
line at the given length at the bottom of the chart and read from the 
vertical scale the upper resonant wavelength on the lower resonant 
region and the lower resonant wavelength on the upper resonant region. 
It is a safe policy to operate 0.02 cm in wavelength from each resonance 
to allow for mechanical tolerances and to avoid possible high standing- 
wave ratios near resonance. 

A number of lengths of this rotary joint may be chosen which cover 
the complete band from 3.13- to 
3.36-cm wavelength without reso¬ 
nances. But since the ratio of the 
TE-mode to TM-mode power is 
more than one-half per cent for 
wavelengths greater than 3.29 cm, 
there will be variations in the volt¬ 
age standing-wave ratio with rota¬ 
tion. For a ratio of TE-mode to 
TM -mode of 1 per cent, the input 
voltage standing-wave ratio will 
vary about + 0.025; and for a load 
matched to 1.3 in voltage, the 
shift in the position of the mini¬ 
mum in the input rectangular 
waveguide will be about 0.03 wave¬ 
guide wavelengths. The varia¬ 
tion in the output power will be 
about 1 per cent. If a rotary joint 
is designed to cover a narrow band centered at 3.30 cm, there will be less 
variation with rotation if a length is chosen that is midway between the 
resonant lengths. 

7*7. Resonances in the TEn-mode for the Filter-ring Type of Rotary 
Joint.—The introduction of the filter ring in the TMoi-mode transition 
shown in Fig. 6*87 and discussed in Sec. 6-22 complicates the phenomenon 
of resonances in the rotary joint. The stub-supported resonant ring will 
transmit as much as 50 per cent of the TEu-power incident on it if the 
polarization of the E-vector is in the direction of the stubs, as compared 
to 1 per cent of that polarization when it occurs 90° to it. Consequently, 
rotating the joint will tune the resonances. For that wavelength for 
which the ring is a half wavelength from the bottom, the resonances will 
be nearly constant with rotation. As the wavelength is increased or 
decreased from this point, the dependence of resonance on angle of 
rotation increases. 



Fig. 7-15.—Resonant wavelength vs. 
over-all length for die-cast high-power rotary 
joint. 
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Experimental curves of resonance (Fig. 7-16) as a function of length 
indicate that the resonance is practically independent of rotation at 
3.1 cm. However, with increasing wavelength, the width of the resonant 
region increases. The two outer resonances of the shaded region for a 
given length occur when the angle between the two transitions is 0° or 
180°. As the second transition is rotated from this position, the outer 
resonances move in together and become nearly coincident at the 90° or 
270° positions. At 3.5 cm it is impossible to space the transitions so 



Over-all inside length in inches 

Fig. 7-16 —Resonant wavelength vs over-all length for H -ring transition. 

that resonance will not occur, since the electrical distance of the ring 
from the bottom is approaching one-quarter of a guide wavelength. 

To avoid changing standing-wave ratio with rotation, the shortest 
rotary joint that is recommended for these transitions is one having 
3 £ in. between the bottom surfaces of the transitions. This variation 
is probably caused by the interference of the fringing fields near the 
ring struts and is avoided when the transitions are sufficiently far 
apart. The largest band that can be obtained by a rotary joint from 
two of these transitions is 3.13 to 3.37 cm with a length of 3.789 in. 

In Chap. 6 several techniques of matching this type of transition are 
discussed. The chart of resonant wavelengths in Fig. 746 may be used 
for all of these techniques since there is little or no effect on the reso¬ 
nances m the round-waveguide section. 
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7*8. Rotary Joint Using TEu- mode Filter-ring Type of Transitions 
with riai-absorbers. —As we have seen in the previous discussion, the 
necessity for avoiding troublesome resonances in the TEi i-mode imposes 
considerable limitation on the selection of lengths for rotating joints. 
If the round-waveguide section is made longer, the band between 
resonances is shortened. However, if some means of coupling the 
TI?n-power out of the round waveguide into an absorbing load is used, 
resonances may be eliminated and a rotary joint may be made any 
length. The bandwidth of such a rotary joint will be limited only by 
the match of the transitions and the purity of the TMoi-mode. This 
coupling may be done with four 
longitudinal slots spaced by 90° 
around the pipe. The currents in 
the waveguide for the TFn-mode 
of one given polarization at two 
places on the round waveguide 
180° apart (on the round guide) 
flow transverse to the slots, and 
therefore power is transmitted 
through them. (See Fig. 6-73 in 
the Introduction of Sec. 6-20.) 

Four slots are spaced by 90° 
around the waveguide in order to 
absorb all polarizations of the 
TFu-mode. As the currents in 
the TM oi-mode are longitudinal 
everywhere, these slots have little effect on them. 

In designing TFn-mode absorbers, considerable care must be taken 
so that no appreciable amount of the TWoi-power is coupled into the 
absorber. Consequently, the use of wide slots must be avoided, and 
these slots must be located in the round waveguide so that a mayimiim 
amount of the TFn-mode is coupled into them. This maximum coupling 
occurs when the center of the slots is placed at the voltage ma.vimnm > 
which is an odd integral number of quarter-guide wavelengths in the 
7 T F n-mode away from the position of the short circuit of the transition. 
If there is considerable difference between the short circuit for the 
polarization aligned along the axis of the rectangular waveguide and for 
the short circuit of the polarization perpendicular to it, then some means 
must be provided so that a satisfactory match is obtained for both 
polarizations. 

In the design of an absorber for the filter-ring type of transition, 
considerable difficulty was encountered with variation in the position of 
the short circuit with rotation of the polarization. In this design the 
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energy in the TEu -mode is coupled into a coaxial cavity, 1 in. long and 

1 in. wide, which has a 400-ohm/square 
ring of IRC resistance material in its 
center to absorb the r-f energy. (See 
Fig. 7T7a.) The longitudinal slots 
excite this cavity in the rectangular wave¬ 
guide TF io-mode. With a short-circuit¬ 
ing plug in the round waveguide placed 
three-quarter waveguide wavelengths 
from the center of the slots, the length 
and width of these slots were determined 
so that a voltage standing-wave ratio of 

2 to 4 was obtained from 3.13 to 3.53 cm. 
When this absorber was placed three- 
quarters of a waveguide wavelength from 
the bottom of the filter-ring transition, 
the voltage standing-wave ratios for the 
polarizations, parallel and perpendicular 
to the axis of symmetry in the wavelength 
range from 3.13 to 3.40 cm, were similar. 
(See Fig. 7T8.) However, the mismatch 
for the 90° polarization rose rapidly from 
a voltage standing-wave ratio of 3 to a 
voltage standing-wave ratio of 9 in the 

Fig. 7-176— Double-mode absorber. ran ge from 3.4 to 3.53 Cm. A single mode 
absorber on only one of the transitions of a rotary joint will eliminate reso- 



Fig. 7-18.—VSWR for T-En-mode absorbers for filter-ring transitions. 

nances from 3.13 to 3.4 cm. Apparently for this type of rotary joint, the 
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T£ n-mode absorber need not be so efficient to eliminate resonances at 
the low wavelengths as at the high wavelengths. If an absorber is used 
with each transition, or if two absorbers are combined, as shown in 
Fig. 7-176, rotary joints of any length will cover the entire band from 
3.13 to 3.53 cm without resonances. 

7*9. Rotary Joints for 1.25-cm Wavelength. —Since bends in i~ 
by i-in. waveguide occupy so little space, only one length for the rotary 
joint, consisting of two transitions described in Fig. 6-75, Sec. 6-21, has 
been used. This length is 2.110 in., measured between bottom surfaces 



of the transition; and the resonances occur at wavelengths of 1.21 and 
1.30 cm. This is considerably outside the usable band for the tran¬ 
sition. However, to eliminate some of the bends in rectangular wave¬ 
guide, a long rotary joint was designed using TFn-mode absorbers. 
The dimensions for this absorber were obtained from scaling the dimen¬ 
sions of the design described in the preceding paragraphs. From 40 to 
60 per cent of the energy in the TFn-mode is dissipated in a single-mode 
absorber; and one absorber is required with each transition to eliminate 
the resonances completely. This rotary joint will function from 1.23 to 
1.26 cm with a maximum variation in the voltage standing-wave ratio 
of ±0.03 and a maximum variation of 2 per cent in the transmitted 
power. The introduction of the slots near the junction of the rec¬ 
tangular and round waveguides increases the voltage standing-wave 
ratio of the transition, and the short-circuiting plug has to be readjusted 
in order to obtain a match. This change in the short-circuiting plug 
increases the amount of TFn-mode excited in the round waveguide over 
the original design in Fig. 6-75, Sec. 6-21; and the absorber is not suf¬ 
ficiently well matched for the TFn-mode to eliminate the rotational 
variation. The dimensions for the transition of this rotary joint are 
shown in Fig. 7-19. 

7*10. Analysis of the Resonances in Rotary Joints Composed of 
Transitions with Diametric Fins in the Round Waveguide. —In Sec. 6-22. 
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Fig. 6-93 shows a sketch of a transition with a diametric fin to suppress 
the TEn-mode in the round waveguide. This fin will totally reflect all 
the energy in the polarization of the TEn-mode that is aligned parallel 
to it. The polarization which is 90° to this fin will be readily trans¬ 
mitted, since the electric vector is perpendicular to its surface, and will 
be reflected from the bottom of the rectangular waveguide. Because 
this fin is rather long, the difference in phase between the positions of 
the short circuit for these two polarizations will be about one or two 
wavelengths. With transitions of this type, it may be possible to adjust 
the fin so that v and y in Eq. (1) are equal to zero at one wavelength; 
but with changes in wavelength, the values of 17 and y will increase 
rapidly. Consequently, in order to obtain a broad band with this tran¬ 
sition, a TEn-mode absorber may have to be used to eliminate resonances. 

The straight-on transitions that use a dividing fin, such as in Fig. 
6*100 in Sec. 6*23, will have the same difficulty since the fin is practically 
no obstruction to the transverse polarization of the TEn-mode. The 
addition of a mica or dielectric-supported ring will eliminate this diffi¬ 
culty as well as a TEn-mode absorber, since the energy of all polari¬ 
zations is reflected from the resonant ring in the same phase. This 
resonant ring must be placed so that resonances do not occur between 
the ring and the fin or between the ring and the base of the transition. 
For transitions that use dielectric-supported resonant rings, the reso¬ 
nance occurs when the spacing between the rings is approximately equal 
to an integral number of half-guide wavelengths. The distance between 
these rings is selected as an odd integral number of quarter-guide wave¬ 
lengths at the center of the wavelength band to obtain the largest pos¬ 
sible range free of resonances on either side of this center wavelength. 

7*11. Rotary Joint Using Circular Polarization. —In Sec. 6*18 various 
methods of obtaining circular polarization in the TEn-mode were dis¬ 



cussed. Two transitions from rectangular to round waveguide which 
transform all of the energy in the rectangular waveguide into a circular- 
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polarized wave may be combined as in Fig. 7-20 to make a rotary joint. 
Since the wave propagated in the round-waveguide section is symmetric 
there will be no variation in the output power with rotation. This wave 
at a given reference point Xi in the round waveguide at the output tran¬ 
sition has the form 

E r = Ee i(ut ~ Pxi+<l,) . 

If there is a mismatch in the transition, part of this wave will be reflected 
back to this same point with some definite phase change. Now if the 
output transition is rotated through an angle 0, the amplitude of the 
wave at the same instant with respect to the output transition is 


E r = /S*l+^+tf) 

For constant 4> about an axis of the output transition, the equivalent 
line length added to the round waveguide is 0 radians. From this, the 
total phase shift in the position of the minimum for the standing wave is 
equal to 0 radians; and the input admittance for the rotary joint will 
make two complete revolutions around a Smith admittance diagram for 
every revolution of the output transition. Consequently, the tran¬ 
sitions and load in the output rectangular waveguide will have to be 
perfectly matched if variation of the input admittance and “pulling” 
of the oscillator is to be avoided. 

7*12. Resonance in a Circular-polarization Rotary Joint.—Because of 
the frequency sensitivity of a quarter-wave plate, it is not possible to 
design a transition to the circular-polarized T^n-mode over a broad 
band without some of the energy in the round waveguide being propa¬ 
gated in a plane-polarized wave. If the angle of the output transition 
is such that the plane-polarized wave is not affected by the 45° quarter- 
wave plate, it can be resolved into two components, each at 45° to the 
plane wave. One of these components will be propagated into the rec¬ 
tangular waveguide, the other one will be reflected back into the round- 
waveguide section. For other orientations of the output transition, this 
plane-polarized wave will be converted into an elliptically polarized 
wave in passing through the quarter-wave plate of the output transition. 
Some of the components of the elliptically polarized wave will be 
reflected back into the round waveguide. This reflected wave may in 
turn be reflected from the other end; and if the electrical length between 
the two transitions for this reflected wave is equal to an integral number 
of half wavelengths, resonances will occur that will absorb and reflect a 
large amount of the energy. These resonances may be eliminated by 
using a transition from rectangular to round waveguide which will 
present a match to all polarizations of the TE 1V - wave. In the tran¬ 
sition of Fig. 6-58, Sec. 6-17, the TEu-p olarization excited through the 
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quarter-wavelength transformer will not be propagated in the shunt- 
rectangular waveguide. But if an incident TEu- wave of any other 
polarization is propagated in the round waveguide, it can be resolved 
into two components—one which will be propagated through the quarter- 
wavelength transformer and down the main transmission line, and 
another which will be coupled into the shunt rectangular waveguide. 
If a quarter-wave plate is combined with this type of transition and two 
such combinations are used to make a rotary joint, then no resonances 
can occur, since any plane wave in the round waveguide will be matched 
regardless of its polarization. The elimination of these resonances makes 
it unnecessary to determine specific lengths to avoid resonances. There 
are two other transitions that have this prop¬ 
erty of being matched to all polarizations. 
These are the transitions with the two shunt 
rectangular arms spaced at 90° shown in Fig. 
6-57, Sec. 6T7, and the tumstilp transition 
shown in Figs. 6-66 and 6-67 in Sec. 6 T 8 . 

7*13. Rotary Joints Using a 7 -E'n-mode 
Polarization Rotator. —In the same manner 
that a quarter-wave plate will set up circular 
polarization, a half-wave plate may be used 
to rotate the polarization of the TEu- mode. 
The radial electric vector E r of a TE u -wave 
may be resolved into two components at right angles; thus, 

E r = [Ei sin </> + E 2 cos <t>]e Hat ~ Px) . (4) 

Since the amplitude of the input wave is constant, then 
E = sjE\ + El 

If 6 is defined as the angle which the E x component above makes with 
the resulting wave E, then from Fig. 7-21, 

E r = E [sin <t> cos 6 + sin 6 cos 4>\e i(at ~ Px) , 
or 

Er = E sin (<*> + 6)e>^ x \ (5) 

Now if a half-wavelength difference in phase is introduced between the 
two components, then 

E r = E [sin <t> cos 6 — sin 0 cos <f>]e i( - ut ^ x) , ( 6 ) 

E r = E sin O - 

The maximum radial vector is at the angle for which the sine function is 
equal to 1 ; thus, the angle of the maximum vector for the incident wave is 



Fig. 7-21.—Resolution of modes. 
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and for the output wave, 

If the polarization of the input wave is fixed and the half-wave plate 
is rotated, the output polarization is rotated through twice the angle of 
the half-wave plate. We can make use of this property in the con¬ 
struction of a rotary joint in the round waveguide. If we rotate the 
output transition through twice the angle of the section containing the 
half-wave plate, then the polarization of the input TEu -mode will be 
rotated correctly to be transmitted through the output transition. 

The same techniques may be employed in designing a half-wave plate 
as in designing the quarter-wave plates in Figs. 6-61, 6-62 and 6-63 in 
Sec. 6-18. The same step may be used to match the ends of the plate, 
and the length may be extended to obtain a half-wavelength difference 
in phase between the two components of the incident wave. 

The length for the half-wave plate may be calculated from the 
formula 

+ (7) 

In this equation, l t is the length of the step-matching transformers, and l 
is the remaining length of the half-wave plate; X tl and X <2 are the wave- 



Fig. 7-22.—Half-wave plate for a wavelength of 3.40 cm. 


guide wavelengths in the matching transformer for the components 
Ei and E 2 in Eq. (4); and Xi and X 2 are the corresponding waveguide 
wavelengths in the remaining length of the half-wave plate. To make 
the plate shorter, two fins may be used to obtain the half-wavelength 
phase shift. Figure 7-22 shows the dimensions of such a half-wave plate 
in a round waveguide with an inner diameter of 1.000 in. for a wave¬ 
length of 3.40 cm. 

Let us consider the broadband possibilities of a rotary joint using a 
polarization rotator. Over an appreciable pass band, the phase shift 
will not always be an exact half wavelength because of the frequency 
sensitivity of the half-wave plate. If we define S as the difference in 
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phase shift from a half wavelength, then the TEn-wave, after going 
through the half-wave plate, will be 


E r = E( sin cos 0 — sin 8 cos <f>e iS )e Kat ~ Px) , 

E r — I?(sin <f> cos 0 — sin 8 cos <f> cos 8 — j sin 8 cos <t> sin 8)e i( - ot ~^ x ' > . (8) 

If 

(E sin <}> cos 0 cos 8 — E sin <f> cos 0 cos 8)e i{at - px) = 0 

is added to Eq. (8) and the terms are regrouped, the result is 

E r = [E cos 8 sin (^> — e)e i< - ut ~ fix) + (1 — cos 8)E sin <£ cos 0 cos 8 

— jE sin 0 cos <}> sin 8]e i(ut -~ 0x) . (9) 

From Eq. (9), it may be seen that if the phase shift is not equal to a 
half wavelength, the resulting wave consists of one part that is rotated 



correctly to be transmitted through the output transition and another 
part that is an elliptically polarized wave. The magnitude of the com¬ 
ponents of this elliptically polarized wave will vary with the angle of 
rotation. If 0 is zero, all the incident wave will be transmitted; but 
fotf 0 greater than zero, some components of this elliptical wave will be 
reflected from the two ends of the rotary joint. These reflected waves 
will set up resonances if the electrical length is equivalent to an integral 
number of half wavelengths in the guide. These resonances may be 
eliminated in the same way as in the circularly polarized rotary joint— 
that is> by using transitions from rectangular to round waveguide which 
are matched to all polarizations. Figure 7-23 shows a sketch of a rotary 
joint using that type of transition. This rotary joint is superior to the 
type employing circular polarization because the phase of the reflected 
wave from a mismatched load does not vary with rotation. 
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MISCELLANEOUS WAVEGUIDE MOTIONAL JOINTS 
By F. T. Worrell 

In addition to rotary joints, joints that allow other kinds of motion 
have been developed. These are the swivel joint, the hinge joint, and 
the universal joint. The first allows a limited twisting of one piece of 
waveguide relative to another about their common axis. The second 
allows oscillation of one piece of waveguide relative to another about an 
axis perpendicular to the longitudinal axis of the two waveguides and 
lying in either the E-plane or the II- plane. This is sometimes called a 
“nod” joint. The universal joint allows both possible displacements of 
the hinge joint to be made simultaneously, so that the moving wave¬ 
guide can move anywhere within a cone whose axis is the axis of the 
fixed waveguide and whose apex is at a point on the 
axis between the two pieces of waveguide. 

7*14. Swivel Joints.—The simplest swivel joint, 
good only for small angles of twist, consists of two 
pieces of waveguide connected by a choke-to-flange 
junction in which the choke and flange are free to 
rotate with respect to each other about the com¬ 
mon longitudinal axis of the two waveguides. A 
schematic drawing of such a joint is shown in Fig. 

7-24. The standing-wave ratio for a 3-cm joint 
of this design, at various wavelengths and at 
various angles of twist, is shown in Fig. 7-25. 

This joint consists of the choke illustrated in Fig. 

4-45(62) and listed in Table 4-8 which is separated 
0.020 in. from a flange of the same diameter. 

Figure 7-26 gives the performance of a s imil ar 
10-cm joint using the choke of Fig. 4-45a, listed in Table 4-8, separated 
O.O 20 in. 

The performance of the simple joint can be improved if, instead of 
u ping a single junction, two such junctions separated by a section of 
waveguide a quarter wavelength long are used, as shown in Fig. 7-27. 
This design has two advantages over the simple one. First, for a given 
total angle of twist, the twist per junction is reduced by a factor of 2. 
Second, reflections that are not too large will cancel, since the two 
junctions are separated by a quarter wavelength of line. It would there¬ 
fore be expected that the allowable twist would be more than twice that 
of the simple joint. The standing-wave ratio of the improved 3-cm 
model for various wavelengths and angles of twist is shown in Fig. 7-28. 
It should be noted that whereas the simple model can be twisted only 
up to 10° before the voltage standing-wave ratio rises above 1.10, the 
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1.351 


1.30 


1.25 


I 1-20 


second model can be twisted more 
than 30° under the same restric¬ 
tions. The performance of the 
improved 10-cm model is shown in 
Fig. 7-29. 

In many cases the two-junc¬ 
tion model would be sufficiently 
good. However, a still better 
3-cm model has been designed 
which will twist up to 60°. The 
limitation in the twisting of this 
joint is in the mechanical design; 
as far as electrical performance is 
concerned, the joint could twist a 
greater amount. This swivel 
joint, which is shown in Fig. 7-30, 
consists essentially of two of the 
two-junction joints separated by 
a half wavelength. It can be seen 
that the resulting distance be¬ 
tween centers of the pairs of junc¬ 
tions is 3/4X 0 ; therefore small 
residual mismatches in the two 
pairs of junctions cancel, thus 
further increasing the amount that the joint may be twisted. Here again 
the twist per junction is reduced for any given total twist. The perform¬ 
ance of the 3-cm four-junction joint is shown in Fig. 7-31. 
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Fig. 7-25.—Standing-wave ratio for a 
3-cm band choke-flange joint for various 
angles of twist. 



Fig. 7-26.—Standing-wave ratio for 10-cm Fig. 7-27.—Two-junction swivel joint, 
band choke-flange joint for various angles of 
twist. 




Sec. 7-14] 


SWIVEL JOINTS 


435 


It is interesting to inspect the performance curves to find the cause 
of this improvement. In Figs. 7-32 and 7-33 the voltage standing-wave 
ratio is plotted as a function of 
angle for various wavelengths for 
the two- and four-junction joints, 
respectively. These curves show 
that at a wavelength of 3.5 cm the 
impedance match of the two-junc¬ 
tion joint changes rapidly at the 
end of its useful range of twisting 
(40°). At this same wavelength 
the four-junction joint can be 
twisted only twice as much. This 
indicates that the standing-wave 
ratio becomes so large that the 
addition of the extra pair of junc¬ 
tions does not help much in de¬ 
creasing it, and therefore, that the 
improvement is entirely the result of having half the twist per junction for 
the same amount of total twist in the four-junction joint as against the 
two-junction joint. However, at a wavelength of 3.2 cm, the two-junction 



Fig. 7-29.—Voltage standing-wave ratio vs. Ao for different angles of twist of 10-cm swivel 
joint. 



Fig. 7-28.—Performance of a 3-cm band 
two-junction swivel joint. Triangles repre¬ 
sent 10° twist, squares 20°, and circles 30°. 
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joint is deteriorating at a slow rate at the position of maximum twist, so 
the addition of the two extra junctions allows more than twice the twist 
to be given. 



Fig. 7-30.—Four-junction swivel joint. 


The constructional details of the four-junction 3-cm swivel joint are 
shown in Fig. 7-34. The individual sections are mounted in ball-bearing 
races. The twisting motion is transmitted by three wires running the 
length of the joint. Each wire is fastened to each section by a ball-and- 



\ 0 in cm 


Fig. 7-31.—VSWR vs. Xo for a 3-cm band 
four-junction swivel joint for several angles 
of twist. Triangles represent 10° twist, 
circles 20°, and squares 30°. 

with resonances in the 10-cm swivel 


socket joint, and the point of 
fastening is chosen so that when 
one end of the joint is twisted each 
of the four sections is twisted, 
relative to the adjacent section, by 
one-quarter of the total amount. 
This design seems to be sufficiently 
sturdy. One sample has been 
tested by twisting through +60° 
at a rate of 1 cps; the test was 
stopped at the end of 3.5 million 
cycles, at which time the electrical 
characteristics of the joint were 
still unchanged from the original 
values, and the mechanism was 
still operating. 

Some trouble was experienced 
joint. At short wavelengths these 


resonances appeared only at large angles of twist; at long wavelengths 


these appeared at very small angles. The resonances apparently are not 
caused by reflections from the housing; at least efforts to remove the 
resonances b.v altering the housing design produced no results. The cause 
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of the resonances is not definitely known but it may be the excitation of 
the Ti^i-mode in the region between the choke and flange. This mode 
is not excited normally but could be excited when the choke and flange 
are twisted with respect to one another. If thi3 were the case, the trouble 



Fig. 7-32.—VSWR as a function of Fig. 7-33.—VSWR as a function of 

angle of twist for two wavelengths for two- angle of twist for two wavelengths for four- 
junction swivel joint. junction swivel joint. 


might be eliminated by inserting thin partitions in the choke ditch as 
shown in Fig. 7*35. Such a partition imposes the requirement that the 
field across the choke ditch be zero at the partition, which would suppress 
the TE 2 i-mode. 

Three #23 wires spaced 



High-power tests indicate that the 3-cm joint will stand at least 
200-kw peak power at 1-^sec pulse length, 500 pps. Except at points 
of resonance over restricted regions the 10-cm joint will handle at least 
1.1 Mw at 1-Msec pulse length, 420 pps. At these resonant points, 
which were mentioned in the preceding paragraph, breakdown appears 










438 


MOTIONAL JOINTS 


to occur between choke and flange at considerably lower power levels 
than when the resonance is absent. 

The swivel joint has an advantage over the rotary joint in that it bna 
fewer critical dimensions and is easier to 
construct. It has the disadvantage of *\ 6 h 

being bulkier and heavier. F,ange ,^ CH ° 6 

7*16. Hinge Joints. —A simple hinge , --- / 

joint can be made by mounting two pieces \ ft !j ‘ 
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Fig. 7-35.—Choke with TE 2 1 -mode 
suppressor partitions. 


Fig. 7-36.—Simple hinge joints. 


of waveguide, one with a choke, the other with a flange, in a housing which 
allows them to move as indicated in Fig. 7-36a. If an ordinary flange is 
12 5 used, it is necessary to have the choke- 

5 ° 7 flange separation large in order to allow 

0 _ a----13° _|_oscillations of more than a few degrees. 

2 1-20 { The flange is therefore beveled from the 

> L edge to the center, as shown in Fig. 

? 1.15 v j& 7-366. This beveling allows a smaller 
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Fig. 7-37.—Performance of 
F-plane hinge joint for three different 
hinge angles. 


Fig. 7-38.—Performance of Zf-plane 
hinge joint for three different hinge 


choke-flange separation, and therefore an improved performance of the 
joint results. In the //-plane hinge joint the design is complete at this 
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point. A 3-cm model has been made which will oscillate through an angle 
of ± 13°. An i?-plane joint of this design has resonances; to remedy this 
trouble, the choke ditch has been plugged, as described in the discussion 




Fig. 7*30.—F-plane 3-cm hinge joint. 


of open choke-flange junctions in Sec. 5-20. The loss and voltage 
standing-wave ratio of the 3-cm F-plane and //-plane joints as a function 
of angle at various wavelengths are shown in Figs. 7-37 and 7-38. The 
complete joints are shown in Figs. 7-39 and 7-40. 
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High-power tests show that, except as noted below, both the E-plane 
and //-plane 3-cm hinge joints will handle 200 kw, at 1 ^sec and 500 pps, 
without sparking However, when the choke-flange separation becomes 




Fig. 7-40.—//-plane 3-cm hinge joint. 


less than 0.010 in. in the //-plane joint, sparking occurs between the 
choke and flange. When the E-plane joint is turned so that the choke 
and flange touch at one edge, sparking occurs across the choke ditch on 
the other side. 

As one might expect, there is an appreciable amount of loss from 
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either type of hinge joint in the region of maximum displacement. 
This is not large enough to be serious from the standpoint of loss of 
transmitted power but may be serious if there are any sensitive detectors 
near by. It may also become serious if the housing around the joint is 





Fia. 7-41.—Rectangular-choke hinge joint. One Bide-plate has been removed in the 
photograph. 

incorrectly designed. If the design is such that some of the leakage 
power is reflected back into the joint, there may be a resonance between 
the housing and some part of the joint. 

In an effort to make a hinge joint with less leakage, the design shown 
in Fig. 7-41 has been tried. This design is based upon a modification 
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of a British choke. 1 The “flange” in this joint is the inner cylinder, 
whose axis is the axis of rotation of the hinge joint. The choke con¬ 
sists essentially of a T-stub, one-half wavelength deep, of the same 
width as the waveguide but of smaller height. The stub is folded along 
the line ABC , where AB and BC are each a quarter wavelength. Inspec¬ 
tion of the figure will show that as the joint is displaced from the neutral 
position, there is no widening gap to allow leakage, as in the other type 
of hinge joint. However, the distance from the waveguide wall to the 



Fig. 7-42.—Performance of rectangular-choke hinge joint at three wavelengths. 

bottom of the choke ditch gets farther and farther from the correct 
value as the joint is bent. This causes an appreciable mismatch. 

In Fig. 7*42 is shown a set of performance curves for a 10-cm model 
of this joint. The joint does not appear promising although it could 
doubtless be improved; it has not yet been tested for resonances or 
power-handling capacity. 

7*16. Universal Joints. —The universal joint is so named because its 
mechanical arrangement is like that of the common universal joint used 
in machines. The simplest electrical arrangement of such a joint has a 
standard rigid-line choke coupling on each piece of waveguide. The 
chokes are placed a small distance apart, so that the joint can move in a 
cone of limited angle. Since the rigid-line choke couplings are not 
designed to be used with a gap between them, the simple joint must be 
modified to make it satisfactory. The modifications are those to be 

1 See Sec. 4-10 for description of this choke. 
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expected from previous discussions of other joints. (1) The surface of 
each choke is rounded in the shape of a cone, so that the two couplings 
can be used closer together; (2) the choke ditch is made wider, to approxi¬ 
mate more closely the low-impedance-high-impedance condition; (3) 




Fig. 7-43.—Choke-choke univeraal joint for 3-cm band. 


the depth of the ditch is changed bo that the r-f leakage is a minimum; 
(4) the diameter of the ditch is altered to that which gives the optimum 
standing-wave ratio; (5) the ditch is plugged in order to remove reso¬ 
nances from the joint. The final design is shown in Fig. 7*43. 
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This joint was designed to operate over a wavelength range from 
3.1 to 3.5 cm. In Fig. 7-44 is shown the voltage standing-wave ratio 
as a function of wavelength for various positions of the joint. The 
joint has been tested at powers up to 100 kw, 1-^sec pulse width, 500 pps, 



without breakdown. This joint has appreciable losses at large angles 
just as hinge joints have. The losses are considerable in that, if there is 
some reflection from the housing, it appears as an appreciable mismatch 
at the joint. In one instance, the change in the housing from the 
original design made the performance of the joint worse. For this 



reason, the housing should be designed with care, in order to avoid 
resonances. 

Some work has been done with another type of universal joint 
which, it is hoped, will be satisfactory over greater angles and will 
allow less r-f leakage. The design of this joint is illustrated in Fig. 7-45. 
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A radial choke is used rather than the more conventional folded choke. 
The moving waveguide ends in a flange, the outer surface of which is in 
the shape of a sphere. This rides in a housing of the same shape. The 
break between these two parts is at the same distance from the rec¬ 
tangular waveguide as the ditch of a conventional choke would be 
and is, therefore, at a current minimum. This design feature removes 
the need for a mechanical contact between the two parts. The inner 
flange is connected by an external linkage to another ball-and-socket 
joint which forms the bearing for the assembly, holding the two wave¬ 
guides in a definite position relative to one another. Since this spherical 
surface is the supporting bearing, the inner flange does not touch the 



Fig. 7-46.—Reflections from radial-choke universal joint. 

choke but, instead, clears it by a small amount, thus preventing a 
variable contact from affecting the operation of the joint. The radial 
choke is designed to have a good low-impedance-high-impedance ratio 
by making the first quarter-wave section small in height, and the second 
section greater in height. This joint does not give so much trouble with 
r-f leakage as the conventional one. 

Unfortunately, not enough work has been done on this joint to prove 
its worth. Resonances are present, which could presumably be removed 
by some sort of plugging scheme. If the resonances were removed, the 
joint might be quite satisfactory. It might be possible to get a larger 
angle of motion with this joint than with the conventional type. The 
variation of the standing-wave ratio with wavelength for the straight- 
through position of the joint is shown in Fig. 7*46. 
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MOTIONAL JOINTS COMBINING COAXIAL LINE AND WAVEGUIDE 
By F. L. Nieman 

7*17. General Considerations. —As discussed in the introduction to 
this chapter, the design of a motional joint capable of continuous rotation 
for a microwave transmission line requires the use of a symmetrical field 
configuration. This may be the dominant coaxial mode (TEM- mode), 
or either the symmetrical TWoi-mode or a circularly-polarized T^n-mode 
in round waveguide. When rectangular tubing is used for the wave¬ 
guide transmission line, as is generally the case in modem microwave 
systems, transitions from the T'Aio-mode in rectangular waveguide to 
one of the symmetrical modes in coaxial line or round waveguide are 
necessary. The problem of designing well-matched transitions for this 
purpose is discussed in Chap. 6. Where such transitions are used to 
provide a symmetrical field for a rotary joint it is usually desirable and 
sometimes advantageous to design the unit so that it may include the 
transitions. 

Rotary joints in round waveguide for use with rect angnla r-wflyR- 
guide transmission lines are discussed in Secs. 7-4 through 7*13. In 
these, the propagation of several possible modes and resonances due to 
the proximity of the two mode-exciting transitions and the possibility 
of using a circularly polarized asymmetrical mode, all present many new 
problems. However, most of these problems do not arise in the design 
of waveguide rotary joints using the coaxial mode. Asymmetrical fields 
excited by the transition discontinuity are attenuated to a negligible 
value in a very short distance so that joints of this type are almost 
never short enough to give rise to resonance effects between transitions. 
Thus, the chief requirement for a useful rotary joint with combined 
coaxial line and waveguide is the design of a well-matched transition 
from coaxial line to waveguide. The only further requirement placed 
upon the mechanical design of the joint is that it should not allow vari¬ 
ation in the transition characteristics during rotation. Any of the types 
of transition from coaxial line to waveguide described in Chap. 6 may 
be used in the design of a coaxial rotary joint for a waveguide line. 
Some examples of different transitions applied to this type of rotary 
joint are given in the following paragraphs. The details of mechanical 
construction such as the types and arrangements of bearings and pressure 
seals will be discussed only in so far as they differ from those for the 
coaxial rotary joints treated in Secs. 7-1 through 7*3. 

7*18. Rotary Joints with Cross-transition from Coaxial Line to 
Waveguide. —The first coaxial-line-to-waveguide transition developed, 
and therefore the first applied to rotary joints, was that in which the 
coaxial line crosses the waveguide as shown in Fig. 6*8a. A discussion 
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of the matching of this type of transition by variation of the lengths of 
the coaxial and waveguide short-circuited sections is given in Chap. 6 
together with specific examples. A possible arrangement using this 
transition in the design of a rotary joint (as developed for 3-cm wave¬ 


lengths by the Sperry Gyroscope 
Company) is shown in Fig. 7-47. 
The coaxial chokes and mechani¬ 
cal details are similar to those for 
the coaxial rotary joints. This 
joint and transition have had but 
limited application since they are 
rather frequency-sensitive com¬ 
pared with other types. Although 
the ball in the transition region 
does effect a slight improvement 
in the bandwidth, such transitions 
have standing-wave ratios less 
than the desired limit of about 1.1 
over a frequency band of only a 
few per cent. 

7*19. Rotary Joints with Probe 
Transitions.—A design, also for 
3-cm wavelengths, of a coaxial 
rotary joint between waveguides 
with probe transitions from coaxial 
line to waveguide is shown in Fig. 
7-48. Seal and bearing details are 
not given. This type of transition 
(see Sec. 6-9), and therefore this 
rotary joint, if properly con¬ 
structed, provides a good 
impedance match (voltage stand¬ 
ing-wave ratio of less than 1.2) over 
a frequency band of about 10 per 
cent in width. In practice, the 



Fig. 7-47.—3-cm waveguide rotary joint 
using coaxial mode with cross transition. 


advantage of the broad band obtained from the probe transition is some¬ 


what offset by the fact that the electrical characteristics of the transition 


are sensitive to the probe depth and centering. These dimensions are diffi¬ 
cult to hold accurately in stub-supported assemblies. In the rotary- 
joint application, the problem is complicated further by the relative 
motion between one waveguide section and its exciting probe. If the 
assembly is not properly centered a variation of the impedance with 
rotation occurs. However, this type of joint requires no coaxial chokes 
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on the center conductor, a fact which greatly facilitates mechanical con¬ 
struction, particularly for the small dimensions necessarily used at 3-cm 
wavelengths. 



7-20. Rotary Joints with Combinations of Transitions.—Two rotary 
joints for 3-cm wavelengths having probe transitions combined with a 
loop-coupling or a crossbar transition have been developed at the Bell 



Telephone Laboratories. Both these designs eliminate the stub support 
for the coaxial center conductor, which allows a shorter and more com¬ 
pact design. One of these, shown in Fig. 7-49, uses a probe transition 
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on one end and a crossbar transition on the other. 1 The design and 
characteristics of this crossbar transition are discussed in Sec. 6-9. The 
impedance match of the probe transition as a function of frequency is 
slightly better than that of the crossbar transition. The combination in 
this rotary joint introduces a voltage standing-wave ratio of less than 1.1 
for a frequency band of about 12 per cent. Different lengths of coaxial 
line between transitions were tried, and it was found that those with 
lengths of f in. or more between the inner wall surfaces of the wave¬ 
guides gave no variation of impedance with rotation, indicating that the 
higher asymmetrical coaxial modes are either not strongly excited or are 
damped to negligible values in a very short length of coaxial line. 

A similar joint using an “in line” loop- or magnetic-coupling tran¬ 
sition between the coaxial line and the waveguide in place of the crossbar 
transition is shown in Fig. 7-50. 2 This arrangement permits the rota¬ 
tion of one waveguide section about an axis perpendicular to the axis of 
the other, an arrangement that is advantageous in certain applications. 
The probe transition in this design is identical with that in the unit just 
described except that the matching parameters, the waveguide end-plate 
distance, and the probe depth have all been adjusted to give a match 
over a slightly different wavelength band. The bandwidth and the 
excellence of match are essentially the same. However, the loop¬ 
coupling transition is considerably more frequency-sensitive than is the 
crossbar type. The combination has a bandwidth of about 5 per cent 
for a voltage standing-wave ratio of less than 1.1. 

In this design, an improved technique is used in eliminating the 
effects of the discontinuity in the coaxial line. First, each coaxial choke 
consists of two quarter-wavelength sections of different impedance, an 
arrangement that increases the wavelength range over which the chokes 
are effective. Second, a section of lossy dielectric is provided between 
the choke and the bearing to attenuate further any power leaking from 
the coaxial line. This is sometimes necessary on joints used in high- 
power systems to prevent leakage that can cause interference with 
receiving components and even damage to the bearing itself. 

Joints of both designs have been tested and found satisfactory at 
voltages corresponding to pulse powers of 100 kw at atmospheric pressure. 
Since this much power was not available for 3-cm wavelengths at the 
time, the equivalent power was obtained by the introduction of standing 
waves in the transmission line of which the joint is a part (see Chap. 4). 
Further tests at pressures reduced sufficiently to cause breakdown showed 

1 C. F. Edwards, “Preliminary Report on a Wave Guide Rotating Joint,” BTL 
Memorandum 43-160-120, July 30, 1943. 

2 C. F. Edwards, “An X-band Rotating Joint Between Perpendicular Wave¬ 
guides,” BTL Memorandum 44-160-71, March 30, 1944. 
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that, in each joint, failure is most likely to occur in the waveguide at 
the probe. In each case, breakdown occurred at about the same values 
of pulse power and pressure indicating that the joints should be rated at 
the same power, which is probably not greatly in excess of 100 kw. 

It is worth noting, since data for comparisons are given in Chap. 6, 
that the bandwidths obtained in these units are not necessarily to be 
expected at other wavelengths when the various standard sizes of wave¬ 
guide and coaxial line are used. For example, the bandwidths obtained 
for the crossbar and loop-coupling transitions in these rotary joints are 
somewhat larger than those which result from similar matching tech¬ 
niques applied to the same type of transition at 10-cm wavelengths 
using standard 1^-in. by 3-in. by 0.080-in. wall waveguide and one of 
the standard 50-ohm coaxial lines. The reason for this is that the sizes 
of coaxial line and waveguide for these 3-cm transitions are larger relative 
to the wavelength than are those for the standard 10-cm waveguide and 
coaxial lines. This makes for the decreased frequency sensitivity of the 
3-cm units in two ways. First, since the impedance of the guide is 
slightly less and the impedance of the coaxial line is considerably greater 
than for the 10-cm transitions, the discontinuity between these is appreci¬ 
ably less, thus reducing its frequency sensitivity. Second, the 3-cm 
units operate at frequencies farther from the cutoff frequency; that is, 
the ratio of the guide wavelength to the cutoff wavelength is less. Con¬ 
sequently, the variation of the guide wavelength, and therefore the 
electrical dimensions of the transitions, with frequency is less (see Secs. 
2-15 and 6-9). These are, of course, relative considerations based upon 
the electrical properties of the transition as a function of its geometrical 
configuration and do not alter the fact that a microwave component is 
more sensitive to changes in dimension at shorter wavelengths than at 
longer ones. One-thousandth of an inch at 10 cm is still 1 mil at 3 cm, 
but it is a larger fraction of a wavelength, and the construction tolerances 
are correspondingly less. 

7*21. High-power Rotary Joints with Doorknob Transitions. —Transi¬ 
tions from coaxial line to waveguide designed to carry pulse powers up 
to the limit of the coaxial line are discussed in Sec. 6*9. In the most 
successful of these, the center conductor of the coaxial line terminates 
on the opposite side of the guide from the junction (for a right-angle 
transition) in a knob which is of the proper size and shape to permit 
impedance-matching and which has a “streamlined” or rounded contour 
to minimize the likelihood of breakdown. These have had their greatest 
application in rotary joints at the 8- to 11-cm wavelengths for two 
reasons. First, the need for such a high-power joint arose because there 
was, at the time, proportionately more power available at these wave¬ 
lengths than at shorter ones. Second, coaxial rotary joints or those with 
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combined coaxial line and waveguide were used almost exclusively at 
these wavelengths since the sizes of the round waveguide required result 
in rather large and unwieldly units. Further, very satisfactory round- 
waveguide rotary joints had been developed for the 1.25- and 3-cm wave¬ 
length bands (see Secs. 7-4 through 7-13). 

The two units to be described here have been used, to a considerable 
extent, in radar systems designed to operate at pulse powers up to 1 Mw. 
No breakdown trouble has been experienced, and there are indications 
that properly constructed units of these designs should be usable at 
pulse powers up to nearly 1.5 Mw in well-matched transmission lines 
(see Chap. 4). These joints, if well made, introduce reflections of 1.2 
or less in voltage standing-wave ratio for a 10 to 12 per cent band. As 
discussed in Sec. 6-9, the electrical properties of the doorknob transition 
are critical as to variations in dimensions; and considerable care is 
required in the assembly of these joints in order to achieve the quality 
of match just stated. Data on the match as a function of wavelength 
for preliminary production models of one design will be given later. 

The first of the two designs used most extensively is shown in Fig. 
7-51. 1 It is designed for li-in. coaxial line and utilizes a hemispherically 
shaped doorknob with a built-in choke section to provide for relative 
motion between the center conductor and the doorknob at either end. 
It operates at 8- to 9-cm wavelengths. The capacity or choke couplings 
on the outer conductor are of the standard type for coaxial rotary joints. 
On both the inner and the outer conductor these choke sections follow 
the conventional principle for broadband choke couplings, having, in 
series, two quarter-wavelength sections of different impedances. How¬ 
ever, because of space limitations, the second (larger impedance) section 
for the center-conductor coupling at the doorknob is a so-called “disk 
resonator” in which an equivalent quarter wavelength—that is, the 
distance from the short circuit to a voltage maximum—is somewhat 
longer than one-quarter of the free-space wavelength (see Sec. 4-8). 

This design is an example of symmetrical construction in which 
choke couplings are provided for both the inner and outer conductors at 
both ends of the joint, which makes it possible to remove separately 
either transition and the coaxial center conductor. This is a desirable 
feature in many installations but not necessarily an essential one either 
mechanically or electrically. 

In joints operating at pulse powers of 1 Mw it has been found that 
the coaxial choke couplings allow sufficient leakage to cause actual 
burning of the bearing surfaces. This is particularly true of the choke 
sections on the center conductor where the field strength is greatest. 
No difficulty has, as yet, been experienced with the choke sections and 

1 Mechanical design by the Raytheon Manufacturing Co. 
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bearings for the outer conductor, in joints operating at these powers. 



To prevent this highly undesirable 
effect a section of lossy dielectric, 
consisting of a specially prepared, 
finely powdered iron (such as poly¬ 
iron) in either a ceramic or phenolic- 
resin base, is placed between the 
choke coupling and the bearing. 
Bushings £ in. long and i in. thick 
with ^-in. spacing between the 
rotating conductor and the bushing 
provide adequate protection from 
leakage. 

A design for a pressurized, high- 
power, lf-in. coaxial rotary joint 
between waveguides operating at 
10- to 11-cm wavelengths is shown 
in Fig. 7*52 and a model is pictured 
in Fig. 7-53. Designed for airborne 
operation, it has a pulse-power 
breakdown rating of 1500 kw at 
atmospheric pressure and of 3000 
kw at 25-lb pressure on a matched 
line. These ratings are for a 1-jusec 
pulse at 500 cps repetition rate. 
The general design for this joint is 
the same as that for the one just dis¬ 
cussed except that it has capacity 
couplings at only one end and uses a 
different shape of doorknob. Since 
this doorknob is larger (for the 
longer wavelengths) than that in the 
previous design, it has been possible 
to build the choke coupling for the 
center conductor entirely within the 
doorknob in the form of a folded 
coaxial line. 

Figure 7-52 also shows a pro¬ 
posed method for using the center 
conductor of this coaxial rotary 
joint to carry a second concentric 
coaxial line. This may be used 


with a second antenna for a separate receiving system or low-power radar 
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interrogation system, for example. The use of a single rotating scanner 
mechanism for two systems is a very great advantage in many installations. 

The voltage standing-wave ratio as a function of wavelength averaged 
for several of the first production models of this design is shown in Fig. 



Fig. 7-63.—Photograph of 10-cm, if-in. coaxial rotary joint between waveguides. 



1.01 ------- 
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Fig. 7-54.—VSWll vs. wavelength for If-in. coaxial rotary joint with doorknob transition. 

7-54. These results are within tolerable limits but it should be possible 
to improve upon them as the accuracy of production techniques increases. 
Within the limits of measurement (voltage standing-wave ratios of 1.01) 
these joints exhibit no change of impedance with rotation. 
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TUNERS, POWER DIVIDERS, AND SWITCHES 

By G. L. Ragan and F. L. Niemann 1 2 3 
TUNERS (VARIABLE IMPEDANCE TRANSFORMERS) 
Applications and General Principles 

8*1. Applications.—Variable impedance transformers are used to 
alter the impedance at points on the input side of the lines in which 
they are inserted. A transformer of a general type, frequently referred 
to as a “tuner” or as an “impedance matcher,” is capable of altering 
both the magnitude and the phase of the standing-wave pattern in the 
input line. A less general but very important type, commonly referred 
to as a “phase shifter” or “line stretcher,” does not alter the magnitude 
of the standing wave existing in the line in which it is inserted but acts 
simply as a line section of variable length, thus shifting the phase of the 
input standing-wave pattern. 

It may be found helpful to classify the various tuners according to 
their functions, which are: 

1. That of introducing a prescribed impedance at some reference 
point in the input line with the output line terminated in its char¬ 
acteristic impedance. 

2. The inverse function, frequently referred to as “matching a line,” 
of causing no standing wave to appear on the input line when the 
output line is terminated in an arbitrary impedance. 

3. The function of causing a prescribed impedance to appear in the 
input line when the output line is terminated in an impedance 
other than the characteristic impedance of the line. 

A number of legitimate applications of variable impedance trans¬ 
formers will be found, especially in connection with laboratory test and 
design work. The use of such circuits is not to be considered, however, 
as an easy substitute for careful design of matched circuits. It was 
pointed out in Sec. 2-14 that a matched transmission line is an aid 
in achieving broad bandwidth, low line losses, high power-handling 
capacity, and transmitter-tube stability. If the matched condition is 
maintained all along the line, these objectives will be more fully realized 
1 Sections 8-10 through 8-15 by F. L. Niemann. 
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than if an attempt is made to match a poorly designed line by means of 
a variable impedance transformer. 

When used as a supplement to a carefully made line, an impedance 
transformer, especially one of the phase-shifter type, may be required in 
order to achieve oscillator stability. The use of a phase shifter is 
especially recommended in connection with long transmission lines, and 
it is of paramount importance if the oscillator is to be tuned to a par¬ 
ticular frequency. The reasons behind this requirement are discussed 
in Yol. 6. 

Unless the use of a variable impedance transformer is demanded by 
the transmitting tube for the reasons indicated in the preceding para¬ 
graph, it is considered unwise to include one in an engineered r-f system. 
Usually the improvement in performance is too small to justify the 
effort expended in obtaining proper adjustment and in making the fre¬ 
quent readjustments required. For this reason, the adjustment is apt 
to be poorly made or readjustment neglected, with the result that on 
the average the performance of the system is worse with the variable 
transformer in place than it would be without it. 

The principal applications of variable impedance transformers are 
(1) in test work in the laboratory in which it is desired to achieve some 
required impedance accurately and (2) in engineered r-f systems in those 
instances where their use is demanded in order to achieve stable trans¬ 
mitter operation or operation at a prescribed frequency. 

8*2. General Principles; Use of Impedance Charts.—In general any 
obstacle inserted into a uniform transmission line in which a pure travel¬ 
ing wave exists will cause part of the power in this traveling wave to be 
reflected back toward the generator, thus setting up a standing wave in 
the input line. The impedance at any chosen point in the input line is 
thereby altered, and the new impedance may be determined, by means 
of the relationships developed in Chap. 2, from a knowledge of the mag¬ 
nitude and phase of the standing-wave ratio at that point. Although 
the magnitude and phase of the wave transmitted past the obstacle will 
bear a new relationship to those of the incident wave, it is not possible 
for the obstacle to set up in the output line a wave traveling back toward 
the generator, that is, toward itself. Therefore, the impedance at all 
points in the output line remains equal to the characteristic impedance 
of the line. Thus the insertion of the obstacle has resulted in an imped¬ 
ance transformation. 

It is convenient to represent the effect on the impedance at some 
chosen reference point in the input line by means of an impedance (or 
admittance) chart. The type of chart found best suited to most dis¬ 
cussions of impedance tuners is the Smith chart, Fig. 2*29. An analysis 
of the effect of inserting a thin wire or screw through a small hole in 
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the center of the broad face of a rectangular waveguide affords a good 
example of the use of such a chart. It is found (Vol. 10 of the Series) 
that the admittance in the waveguide at the position of the screw starts 
from the center of the chart, for zero insertion of the screw, and moves 
continuously out along the semicircle C of Fig. 8-1 as the screw is inserted. 
This semicircle Y = 1 + jB is the locus of input admittances to which 
the screw may transform the output admittance Y — 1 + jO. The 
semicircle C represents the admittance at the screw and at positions an 



integral number of half wavelengths toward the generator from the 
screw. If some other point in the waveguide is chosen as the reference 
point, the corresponding contour of admittances may be obtained simply 
by rotating the semicircle C through the appropriate angular distance on 
the chart. For example, if it is desired to represent the admittance 
contour at a point in the waveguide which is one-eighth wavelength 
toward the generator from the screw, a 90° clockwise rotation of the 
semicircle C to the position D is required. 

The representation on a Smith chart of such a transformation of an 
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admittance contour along the line is facilitated by the use of a tracing- 
paper overlay, as indicated by Fig. 2*30. The tracing paper is pivoted 
at the center of the chart, the index at the zero of the wavelength scale 
is marked, and the given admittance contour C is drawn. The paper is 
then rotated so that the index indicates the proper distance in wave¬ 
lengths. The new position of the given contour with respect to the 
chart beneath represents the admittance at the point indicated on the 
wavelength scale. The Smith chart may, of course, be used as an 
impedance chart in exactly the same way. In addition, if at any time 
it is desired to convert from impedance to admittance, or vice versa, 
a simple half turn of the tracing paper produces the desired result. 
These features of the Smith chart make it ideally suited to discussions 
of variable impedance transformers. 

A circuit provided with a single variable parameter (in the given 
example, the circuit was a screw in a waveguide) is capable of accom¬ 
plishing a certain degree of impedance (or admittance) transformation; 
that is, at any chosen position in the input line, a certain admittance 
contour may be described. In order to be able to introduce, at any 
given point, impedances other than those on this contour, one or more 
additional variable elements are needed. One of the most effective 
ways of supplying this need, and one that is extremely easy to evaluate 
on a Smith chart, is to vary the position of the screw along the line. 
This may be accomplished, in a manner described more fully in Sec. 8-10, 
by inserting the screw through a longitudinal slot in the waveguide. If 
the screw is first inserted, for example, at a point one wavelength from 
the reference point in the input line, the admittance contour C of Fig. 8-1 
may be obtained. At a screw insertion corresponding to any point on 
this contour the screw may be moved along the line by any distance, 
a half wavelength of motion corresponding to a complete rotation of the 
tracing paper. Thus the curve C sweeps over the entire area of the 
chart, indicating the fact that a sliding-screw tuner is capable of intro¬ 
ducing any admittance into a matched line. 

The sliding-screw tuner has been discussed at some length in order 
to illustrate the general method of predicting the area of the admittance 
chart which may be presented to the input line by a given variable 
impedance transformer when the output line is matched. It is also of 
interest to know what region of output-line impedances may be trans¬ 
formed by a tuner into a matched input line. If the tuner is reversed in 
the line, so that the reference point formerly on the input side is on the 
output side, the problem is easily solved. Of course if the tuner is sym¬ 
metrical with regard to input and output ends, as most are, it is not 
necessary to carry out an actual reversal of the circuit. It is easily 
shown that the region of output-line impedances (referred to the refer- 
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ence point now in the output line) that may be matched by the reversed 
tuner is the A complex conjugate of the region covered by the tuner in its 
original position with output line matched. 

It is somewhat more convenient to treat a tuner in the matched- 
output condition and then take the complex conjugate of the resulting 
region if this tuning characteristic is desired. The complex conjugate 
of a region plotted on tracing paper in the manner described may be 
obtained by merely turning the sheet over, keeping the real axis in the 
same position before and after turning. The merits of a tuner are 
usually judged on the basis of the maximum standing-wave ratio, occur¬ 
ring in any phase in the output line, which can be tuned to r — 1 in the 
input line. It does not seem worth while to transform to the conjugate 
region, therefore, since the maximum standing-wave ratio is the same as 
in the region originally obtained. In the examples presented in the fol¬ 
lowing sections the admittance (or impedance) region plotted will be that 
which may be obtained at the indicated reference point in the input line. 

There remains the more general problem of transforming an output 
impedance differing from the characteristic impedance of the line into a 
prescribed input impedance. Since this problem involves a double set 
of variables, it is more difficult to analyze than those previously discussed. 

Coaxial Line Tuners 

8*3. Short-circuiting Plungers.—In order to prepare the way for a 
discussion of coaxial-stub tuners, it is first necessary to discuss means 
of achieving a perfectly reflecting termination of variable phase. Such a 
device has other applications as well, one of which will be discussed in 
Sec. 8-18. It has become common practice to refer to such a reflecting 
termination as a short-circuiting plunger although a complete reflection 
of any phase will suffice, and the effective position of the short circuit in 
a given design is usually dependent on the operating wavelength. 

The obvious approach to the problem is to insert into the line a 
tightly fitting metal plunger of the type sketched in Fig. 8-2a. It is 
very difficult, and in fact impractical, to obtain a plunger which moves 
with sufficient ease and at the same time makes good contact with the 
conductors. This consideration is extremely important, since a poor 
contact presents an undesirable series resistance to the currents flowing 
between the coaxial conductors, and leads to power loss and to erratic 
behavior. 

The use of metallic fingers, indicated by Fig. 8-26, offers a very 
effective means of reducing the contact resistance. At the same time, 
the current flowing in the line at the point of sliding contact is reduced 
to zero since the tips of the fingers are a quarter wavelength from the 
current maximum which occurs at the short-circuited end of the coaxial 
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cavity formed by the plunger. The fingers should be made of a springy 
metal such as beryllium copper, phosphor bronze, or spring brass. They 
should be given an initial deformation in order that the restoring force 
maintains pressure at the contacts when they are inserted into the 
coaxial line. It is essential to provide good contact since the current is 
zero only at the exact wavelength for which the plunger cavity is a 
quarter wavelength long. For reasonably broad bands the current is 
still considerably smaller than that in the plain plunger of Fig. 8-2 a to 




Fig. 8-2.—Coaxial short-circuiting plungers, (a) Plain-contact type. (6) Quarter- 
wavelength-finger type, (c) Capacity-coupled type. 


which it is related by the cosine of the electrical angle of the plunger 
cavity. 

Another method of reducing the current flowing in the sliding con¬ 
tact is shown in Fig. 8-2c. The principle involved is that of the folded 
half-wavelength capacity or choke coupling discussed in Sec. 217. 
Separate half-wavelength sections are used to couple from the plunger 
to the outer conductor and from the plunger to the inner conductor. In 
each case the sliding contact comes at the low-current point in the 
folded-line section. The principles of design discussed in Sec. 2-17 apply 
here as well. The important points to remember are these: 

1. The impedance of the two capacity-coupling sections formed 
between the coaxial-line conductors and the plunger should be as 
low as is practical. This means that the clearance between this 
part of the plunger and coaxial-line conductors should be made 
as small as is consistent with the requirement that the plunger 
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must not come into actual contact with the coaxial-line con¬ 
ductors at any point along these capacity-coupling sections. 

2. The impedance of the folded-choke sections contained within the 
plunger should be made as large as possible. 

3. The resistance at the sliding contacts should be made as small as 
possible. 

Of the three types of plungers illustrated by Fig. 8-2, that of Fig. 8*2c 
modified in the manner indicated in Figs. 8-3 and 8-4 has been found 



Fig. 8-4.—Capacity-coupled, short-circuiting plunger. 

to be best for most purposes. Its principal advantages over the other 
types are found to be these. 

1. It presents a more nearly perfect reflection of power (that is, its 
losses are lower). 

2. It is necessary to make only one short set of fingers, and the con¬ 
tact provided by them need not be extremely good since the alter¬ 
nation of high and low impedances in the coupling section reduces 
the importance of the contact resistance (see Sec. 2*17). 

3. The alignment of the outer and inner conductors of the coaxial 
line into which the plunger is inserted need not be especially good, 
since the one set of fingers can be made very flexible and the clear¬ 
ance between the plunger and the outer conductor can be large 
enough to permit considerable misalignment of the conductors. 
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4. Although this plunger has approximately the same over-all length 
as the plunger of Fig. 8-26, it presents a short circuit at its input 
end whereas the simple plunger with fingers presents an open 
circuit. This feature of the choke plunger permits the design of a 
more compact stub tuner as will be shown in Sec. 8-7. 

5. When the three designs are considered from the point of view of 
ease of manufacture, especially in the light of the second and third 
points of this enumeration, most manufacturers would find the 
plunger of Figs. 8-3 and 8-4 easier to make. 

In certain applications the fingers shown in Figs. 8-3 and 8-4 may be 
omitted entirely, and manufacture is thus made still simpler. If this is 
done, however, one must consider the impedance presented at the 
plunger by the section of line behind the plunger, through which the 
rods moving the plunger extend. This impedance appears in series 
with the high impedance of the folded choke, and for certain plunger 
positions the combination will become resonant resulting in large losses 
and anomalous behavior of the impedance at the input end of the plunger. 
The coupling to this section of line behind the plunger may be reduced 
by adding to the plunger, in the region where the fingers are omitted, 
a metal sleeve having an outer diameter nearly equal to the inner 
diameter of the outer conductor. The resonance will thus be sharpened; 
that is, it will be noticeable over a smaller range of plunger positions. 
If the wavelength range used and plunger motion required are small 
enough, the length of the line behind the plunger may be chosen to 
avoid trouble due to the resonance. 

As a matter of fact, there is a very slight, but noticeable, coupling 
to the line behind the plunger even when the construction indicated in 
Figs. 8-3 and 8-4 is used. For a plunger of this type used in a |-in. 
coaxial line at a wavelength of 10 cm, it was found that an extremely 
sharp resonance occurs at certain plunger positions. In this particular 
example, all metal parts were gold-plated. The input standing-wave 
ratio was measured as a function of plunger position. For one sharply 
defined position, the input SWR dropped to about 36 db, while for all 
other positions it was about 45 db. It was found possible to remove 
all signs of this resonance by introducing some absorbing material into 
the line behind the plunger. Any absorbing material that presents a 
fair match to the characteristic impedance of the line should be satis¬ 
factory for such a purpose. One arrangement that was found to give 
good results was to place a thin washer of polyiron 1 material against 
the metal end cap through which the rods that move the plunger extend. 


1 A washer, 0.1 in. thick, made of the H. L. Crowley Co.’s D-l material was used. 
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8*4. The Sliding Series Stub Tuner.—A tuner of this type is in theory 
one of the simplest of coaxial-line tuners, yet it is capable of canceling 
standing waves of any magnitude or phase. It has been described by 
M. S. Glass 1 whose design is presented in Fig. 8-5. The plunger in the 
stub may be moved through a distance of half a wavelength or more, 
and the whole outer assembly including the stub may be moved through 
a similar distance. The details concerning the contacts between this 
assembly and the outer conductor of the line and the effect of the 
increased outer-conductor diameter in the region of the stub will not be 
considered in the preliminary discussion. 



The discussion of Sec. 8-2 in connection with a sliding-screw tuner 
applies also to the sliding-stub tuner, with slight modification. Whereas 
the screw inserted into a waveguide behaves as a shunt susceptance, the 
stub of Fig. 8-5 acts as a series reactance. Unlike the screw, which for 
reasonable lengths acts only capacitively, the stub may add reactance 
of either a capacitive or an inductive nature. The impedance in the 
line at the point where the series stub joins it is Z = 1 + jX, as indi¬ 
cated by the circle C of Fig. 8-6. Since the distance between any chosen 
reference point in the input line and the stub position may be varied 
by at least half a wavelength, the circle C may be rotated through 360° 
and may thus cover the whole impedance plane. It is therefore obvious 
that this tuner can introduce standing waves of any phase and amplitude 
when its output line is matched. By the arguments of Sec. 8-2, it may 
also tune out a standing wave of any phase and amplitude, and it may 
match any output impedance to any input impedance. 

The plunger used in the stub is one that was not described in the 
preceding section dealing with coaxial-line plungers. A coiled spring 
that fills the space between outer and inner conductors is used. It is, 

1 M. S. Glass, “A Variable Series Reactance for Coaxial Lines,” BTL Report 
Mn-42-140-51, Sept. 12, 1942. 
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in its free state, somewhat larger and is therefore under a compressional 
strain, which leads to low contact resistance. 

The contacts between the outer conductor and the sliding assembly 
are of the finger type discussed in the preceding section. In this case, 
however, the full line current flows in the contacts; hence the need for 
low-resistance contacts is obvious. The construction of fingers that will 
give the required quality of contact and maintain it in service appears 
to offer a serious problem. Perhaps a capacitance-coupling scheme such 
as that used in the coaxial phase shifter (to be described in Sec. 8-7) 
would prove more suitable. One disadvantage of such a change, how¬ 
ever, is that a larger change of outer diameter results. 



Fig. 8-6.—Impedance diagram for sliding-stub tuner. 

The effect of the change in outer diameter is twofold: the character¬ 
istic impedance in that part of the line is increased, and an effective 
shunt capacitance is introduced at each end because of the well-known 
junction effect. The characteristic impedance could be restored to 
equality with that of the line by the proper increase of the diameter of 
the inner conductor, and the junction capacitance could probably be 
well compensated in the manner suggested by Fig. 6-5 d. In the original 
design the higher-impedance line is made an integral number of half 
wavelengths long; thus when the stub is in its null position (zero added 
reactance) the line section gives the one-to-one transformation ratio 
characteristic of lines an integral number of half wavelengths long. 

Although one or more of the refinements mentioned may be worth 
while in contributing to the ease of adjustment of the tuner, none of 
them is really required for tuning any output impedance to any input 
impedance. This statement may be checked by considering a half¬ 
wavelength section of the high-impedance line, which also contains the 
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stub, as the actual variable transformer, and the remaining end portions 
containing junctions as output and input transformers. Obviously any 
output impedance transformed through the output transformer is still a 
general impedance. And any required input impedance may be obtained 
by presenting the appropriate impedance to the input transformer. 



8*5. Slug Tuners.—Tuners of this type have some very desirable 
characteristics, both from the standpoint of use and from that of fabri¬ 
cation. The tuner shown in Fig. 8-7 is particularly easy to analyze and 
has been found satisfactory for applications in which the power level is 
not excessive and the required tuning range is only moderately large. 

Each dielectric bead, commonly referred to as a “slug,” acts as a 
quarter-wavelength transformer of impedance Z T = Z 0 /\fk e , introducing 
a VSWR of magnitude k e . The slugs may be moved along the line by 



means of dielectric handles extending through a longitudinal slot in the 
outer conductor, as indicated in the design shown in Fig. 8-8. As the 
spacing S between the slugs is varied, the standing-wave ratio intro¬ 
duced by the pair varies from unity to a maximum value equal to k 2 e , 
the product of the individual values of VSWR, as indicated by Items 
6a and 66 of Table 2-2. The standing-wave ratio is a maximum for 
S = X 0 /4 and is equal to unity when S = 0, when the two slugs join to 
form a single half-wavelength section of line. 
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The magnitude of the standi n g-wave ratio as a function of the 
angular separation 360°(S/X) is given in Fig. 8-9 for slugs of several 
dielectrics. When the separation is S = X 0 /4, the maximum standing- 
wave voltage ratio r = k% is introduced. Assuming the generator to be 
on the left in Fig. 8-6 and assuming the output line to be matched, the 
input end of the left-hand slug is at the reference point indicated. The 
input impedance at this point is real and equal to 1 /fc|, as indicated in 
the impedance plot of Fig. 8-10, which gives the impedance at the refer¬ 


ence point for slugs of dielectric con¬ 
stant 2.56 (polystyrene). By 
means of an impedance chart or by 
application of the transmission-line 
equation, Eq. (2*41), it may be 
shown that, for other values of S, 
the impedances are those indicated 
in Fig. 8-10. 

It is evident from the impedance 
chart that there is little change in 
the phase of the standing waves 
introduced as S is varied if the 
center of the combination is kept 
at a fixed point in the line. The 
phase shift 5 of the minimum of the 
standing-wave pattern from the ref¬ 
erence point is plotted as a function 
of the angular separation 360°(<S/X) 
in Fig. 8*11. The voltage minimum 
is shifted slightly toward the load 



from the reference point. Fig. 8-9.—Standing-wave ratio of 

One method of changing the doubl^slug^uner of Fig. 8 7 for values of 

separation of the slugs without 

moving the center point can be seen from Fig. 8-12. The two slugs are 
fastened to the small blocks that are moved along the slot by the oppositely 


pitched threads of the upper screw. Turning this screw gives control 
over the magnitude of the VSWR introduced. The phase of the stand¬ 
ing wave may be varied by turning the lower screw that moves the whole 
slug assembly. This adjustment has the effect of rotating the impedance 
contour of Fig. 8-10, sweeping out the entire shaded area of the impedance 
diagram. Any impedance within this area may be introduced when the 
load is matched, and any load whose impedance lies in this area can be 


matched to the input line. 

The screw arrangement jdst described is found to be too slow for 
work involving large adjustments. For such applications the mechanical 
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arrangement of Fig. 8-13 is preferable. The whole assembly is moved 
along by means of a fast-motion rack-and-pinion drive. 

The slug tuner in this form has been found to be extremely useful 
for introducing known impedances to magnetrons for the purpose of 
studying their load-impedance characteristics. The fact that the mag¬ 
nitude and phase of the standing wave may be separately varied makes 
it easy to obtain a uniform coverage of the impedance chart. For this 



Fig. 8-10.—Impedance of dielectric slug tuner of Fig. 8-7, Ke = 2.56. S is measured in 
wavelengths. 

application it is desirable to be able to introduce high values of VSWR, 
the usual requirement being about r = 10. This requires a high value 
of dielectric constant or the use of metallic slugs partly filling the line. 
Since the power levels are high, the metallic slugs, which give better 
high-power performance, are used. 

Each slug is suspended from a separate carriage by means of two 
mica sheets projecting through two longitudinal slots cut in the sides of 
the outer conductor. The two carriages are connected by means of a 
metal strip that is fastened to the top surface of the carriage on the left. 
A screw projects upward from the carriage on the right through a slot in 
the strip. By tightening a wing nut on this screw, the strip is fastened 
to the right-hand carriage with the carriages at the desired separation. 
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The two carriages then move together with this separation, as the 
pinion gear is turned by the crank shown. 

A larger drawing of the metal slug used appears in Fig. 8-13. It was 
designed for use in the lf-in. line at a wavelength of about 10 cm, and a 
tuner using a pair of such slugs should be able to introduce a VSWR of 



Fig. 8-11.—Phase shift of double-slug tuner for values of K r = 2. 3. 4 


* 



Fig. 8-12.—Double-slug tuners. 


about 10. In order to avoid breakdown it is important that all corners 
be rounded. Slugs should be made of aluminum so that they will be 
light and therefore easy to support. 

A few words should be included concerning the behavior of metal 
slugs in regard to impedance. If little or no space is left between the 
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slug and the outer conductor, the metal slug is simply a transformer of 
the type shown in Fig. 4-35c. The characteristic impedance of the 
transformer section containing a metal slug of outer radius b' and inner 
radius a ' is desired. If the original line has an impedance Z 0) the trans¬ 
former impedance may be shown to be 

Z T = Z 0 — Z' 0f (1) 

where Z' 0 is given by 

Z' 0 = 138 logxo (2) 


There are, of course, shunt-capacitance effects at the end of the trans¬ 
former sections, but since these are a quarter wavelength apart, a certain 
amount of compensation results. 

Neglecting shunt-capacitance effects, the behavior of any slug tuner 
having transformers of impedance Zt is exactly the same as that of a 
tuner having dielectric slugs of the same characteristic impedance and 
electrical length. Therefore Figs. 8-9, 810, and 811 apply to quarter- 
wave slugs in general, provided that Zt and k e are related to the char¬ 
acteristic impedance of the line by 


Zt = 1 

Zo \/k e 


( 3 ) 


Slugs of other forms and other methods of support have also been 
used. One design calls for a dielectric sleeve filling the space between 
the slug and the outer conductor. This design is mechanically more 
rugged but is subject to greater breakdown trouble. A type of slug 
which is extremely useful when the introduction or removal of low stand¬ 
ing waves is desired is that of Fig. 8-8. The dielectric does not com¬ 
pletely fill the line but takes the form of a sleeve fitting against the outer 
conductor. The characteristic impedance of a dielectric transformer of 
inner radius c fitting against the outer conductor of a line whose radii 
are b and a is 



This equation is a modification of Eq. (5-3). The wavelength in the 
transformer section is smaller than that in the main line by the factor 
Zt/Z 0 ; therefore the physical length of the slug should be shortened 
accordingly. 

The particular slug tuner shown in Fig. 8-8 is designed for operation 
at wavelengths of 9 to 11 cm, the slug lengths being somewhat shorter 
than a quarter wavelength at 9 cm. At any wavelength in this band, 
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unity VSWR is obtained when the slugs are slightly separated. There 
is less tendency for sparking to occur at high power levels if the slugs 
are not allowed to touch. The maximum VSWR that may be intro¬ 
duced is slightly greater than 1.5 at all wavelengths. This relatively 
low value was the maximum required for the particular application for 
which the tuner was designed. It was desired to introduce a standard 
VSWR of 1.50 which could be varied through all phases in order to test 
the “pulling figure” of magnetron oscillators. 1 It was also necessary 
to be able to restore with ease the matched condition in order to obtain 
a standard for comparison. Both conditions are easily obtained with 
the simple mechanical design evolved. One slug is attached by dielectric 
pins to a rod that parallels the axis of the line. The other slug is attached 
to a metal block that slides on the same rod. Stops on the rod at either 
side of the second slug may be set in such positions that they define the 
minimum and maximum slug separations corresponding to r = 1 and 
r = 1.50 for a given wavelength. The whole assembly may be moved 
as a unit along the line to vary the phase of the st anding wave. 

Usually it is desirable to use a slug tuner that will give a mayi'miim 
VSWR only slightly in excess of that likely to be needed in practice. 
If a tuner capable of excessive tuning is used the adjustments become 
more critical than necessary and nothing is gained. In addition, larger 
standing waves and hence larger voltage gradients are introduced into 
the line by the tuner of larger range, a factor that may cause breakdown. 
The added difficulty of adjustment is easily seen by noting that in Fig. 
8*9 the rate of change of VSWR with separation is higher for the slugs 
of higher dielectric constant. 

There are indications that the use of two slots, as in the design of 
Fig. 8-13, leads to more slot radiation than does the use of one slot, as 
in the designs of Fig. 8-12. The difference is greater than that resulting 
from the larger open area of the two slots, and it appears to be caused 
by a greater freedom of propagation of higher modes in the double-slot 
line. For this reason, it seems desirable to use a single slot, rather than 
double slots, even though the single slot may need to be several times 
as wide in order to provide sufficient support for the slug. A slight 
modification of the designs shown in Fig. 8-12 should permit single-slot 
construction. Support by means of dielectric pins such as those used in 
Fig. 8-8 is suggested. 

8*6. Stub Tuners.—Coaxial-line transformers utilizing one or more 
branch lines of variable length have long been popular. A schematic 
diagram of such a tuner having three branch lines or stubs is presented 
in Fig. 8-14. A practical design of a double-stub tuner is illustrated in 

1 See Fig. 2-45 and accompanying text, Sec. 2*14. 
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Fig. 8-15. The stubs contain short-circuiting plungers like those of 
Fig. 8-4. The physical arrangement of the lines is seen to be quite 
different from the conventional arrangement of Fig. 8*14. The two 
plungers are mounted in a straight section of coaxial line which is slightly 
larger and slightly heavier in construction than the input and output 
sections of line. This construc- 


tion affords better alignment of 
the coaxial conductors in the 
stubs. 

The admittance diagrams 
showing the performance of a 
double-stub tuner in which the 
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quarter wavelength are given in 
Fig. 8*16. Diagram a gives the 
admittance at the stub nearest the 
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matched load. A COaxial-line Fig. 814 —Triple-stub tuner, 

stub is capable of introducing 


a shunt susceptance of either positive or negative sign. Thus any 
admittance lying on the circle D, for which the conductance is G = 1, 
may be introduced at the output stub when the line beyond it is termi¬ 
nated in a perfect match, point d. In diagram 6 the admittance at the 
next stub a quarter wavelength toward the generator is indicated. The 



transformation of the circle D on which a typical point e is indicated is 
easily accomplished on the Smith chart. Transformation through a 
quarter wavelength of line entails simply a rotation through 180° about 
the center of the chart, point d. This rotation is easily accomplished 
by the use of tracing paper in the manner described in Sec. 8*2. Any 
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admittance lying on the dashed circle D may be presented to the second 
stub. The typical point e may be transformed by means of the second 
stub along the circle F. Circle F is one of the family of constant-con¬ 
ductance circles of the Smith chart, and it may be traversed by adding 
pure susceptances by means of the stub. The addition of susceptances 
to the point d gives the circle E of unit conductance. There is no point 
on circle D which has a conductance greater than unity, hence there is 
no way of presenting, at the input side of the second stub, any admittance 
within the circle E corresponding to conductances greater than one. 
Any point on the chart which does not lie within this area may be 
obtained by the combination of two stubs spaced a quarter wavelength 



Fig. 8-16.—Admittance of double-stub tuner, jX-spaeing: (a) at output stub; (6) at next 
stub, iX away. 


apart. It is, therefore, clear that standing waves of very large magni¬ 
tude may be obtained in some phases, but that a standing wave larger 
than unity cannot be introduced in a phase along the real axis to the 
right of point d. 

If a third stub is added, a quarter wavelength toward the load from 
the first, a triple-stub tuner such as that of Fig. 8-14 is formed. The 
two stubs nearest the load may now be used to present, on the input 
side of the middle stub, any admittance that does not lie within the unit 
conductance circle of Fig. 8-166. This region transforms at the stub 
nearest the generator to the region inside the circle D of the same 
diagram. Thus the two stubs nearest the load may introduce at the 
input stub any admittance exterior to the circle D. The middle stub 
and the input stub may introduce at the same point any admittance 
exterior to the circle E, as shown in the preceding paragraph. Since 
these unattainable regions are mutually exclusive it is clear that the 
three-stub tuner with quarter-wavelength spacing is capable of intro¬ 
ducing standing waves of any phase and magnitude. 
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The admittance diagrams corresponding to two stubs spaced three- 
eighths of a wavelength apart are given in Fig. 8-17. As in the pre¬ 
ceding figure, diagram a represents the admittance obtainable at the 
stub nearest the load. Typical points c, d, e, f on this circle of unit 
conductance are indicated. In diagram 6, transformation through three- 
eighths wavelength results in the new position of circle D and its typical 
points. Circles E, F, and G indicate the transformations of these points 
which may be effected by the second stub. The maximum conductance 



stub, |X away. 

stub tuner of this type. The standing-wave ratio associated with 
admittances lying within this region, however, are all equal to or greater 
than r = 2. Therefore, any standing-wave voltage ratio of magnitude 
less than or equal to two is certainly obtainable in all phases. 

The method of analysis indicated by Figs. 8*16 and 8*17 may be 
extended to other stub spacings. For any stub spacing there wall be a 
circle of maximum obtainable conductance which will define the region 
of the admittance chart which is not available by means of the double¬ 
stub tuner with this spacing. The value of this maximum conductance 
is given as a function of stub spacing in Fig. 8-18. 

On the basis of Fig. 8T8 it might seem advisable to choose a stub 
spacing of approximately one-half wavelength, and an angular spacing 
of approximately 180°. It will be found, however, that if such spacing is 
used it will become necessary to introduce extremely large susceptances 
in order to tune out standing waves of only moderate amplitudes if the 
phase of this standing wave is unfavorable. The same disadvantage 
exists in the case of quarter-wavelength spacing. In addition, the pro¬ 
cedure to be followed in tuning out a mismatch with spacings approxi¬ 
mating either quarter-wavelength or half-wavelength values is very 
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difficult. On the other hand, the procedure required for spacings of an 
odd number of eighth wavelengths is relatively simple. A comparison 
of the procedures involved is given in Fig. 8-19. It is assumed that in 

both cases shown in Fig. 8-19 the 



Distance between stub lines 


Fig. 8-18.—Maximum conductance obtain¬ 
able by double-stub tuner. 


stubs are originally in their null or 
zero-susceptance position. Both 
diagrams a and b represent the 
admittance at the input stub. 
The admittance at this stub is 
originally that indicated by point 
0. The effect on this admittance 
of adjusting the output stub is 
represented by motion along the 
circle D. If diagram a is rotated 
through 180° and diagram b 
through 90° clockwise, it will be 
clear that the circle D represents 
the effect of the output stub. The 
point a on this circle represents the 


proper transformation required of 
the output stub. The input stub may then transform the point a along 
the circle E to the point b representing the matched input condition. 
If the effectiveness of the tuning adjustment is judged from the magni¬ 
tude of the input standing-wave ratio, it will be found that minimum 



la) (b) 

Fig. 8-19.—Tuning out a mismatch: (a) with JX-spaced stubs; (b) with fX-spaced stubs. 


input YSWR occurs at the point 1 on the circle D. That is, the point 1 
represents the closest approach to the center of the diagram. The 
admittance point 1 is transformed by the input stub along the circle F. 
In the case of the quarter-wavelength spacing, diagram a, this leads to 
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no reduction in input VSWR. In the case of three-eighths-wavelength 
spacing, the admittance point 2 on circle F represents the minimum 
VSWR obtainable by adjustment of the input stub. If the input stub 
is left in this position and the output stub is readjusted, it can be shown 
that the resulting input admittance moves from the point 2 along a 
circle whose closest approach to perfect match is indicated by the point 3. 
It is evident that a process involving successive reduction of the input 
standing-wave ratio is occurring and that the approach toward perfect 
match is rapidly achieved. This procedure is in marked contrast to the 
unsatisfactory termination of the equivalent procedure indicated in 
diagram a. The first adjustment leads to the admittance point 1 which 
cannot be improved by further adjustments. In order to obtain the 
matched condition with stubs spaced a quarter wavelength apart, it is 
necessary to proceed by guess work, since the process of successive 
reduction of input standing-wave ratio leads to an impasse. 

The difficulty just described constitutes one forceful argument in 
favor of a stub spacing of one-eighth or three-eighths wavelength over a 
spacing of a quarter wavelength. Another disadvantage of the quarter- 
wavelength spacing is that three stubs are required. It is difficult, first 
of all, to decide which pair of adjacent stubs represents the proper combi¬ 
nation for tuning out a given load admittance. In regard to spacings 
approximating one-half wavelength, it has already been mentioned that 
extremely high susceptances are sometimes required in order to match 
standing-wave ratios of moderate magnitude if the phase happens to be 
wrong. In view of these considerations, it is felt that a spacing of an 
odd number of eighth wavelengths represents the most practical value if 
its inherent limitation of r ^ 2 can be tolerated. 

A method of increasing the tuning range of a double-stub tuner with 
any spacing is to use an additional section of line which may be inserted 
or removed at will. One method of accomplishing this objective is to 
make the tuner reversible and have the length of line different on output 
and input sides. This arrangement requires the use of an adapter or 
couplings of the same polarity attached to the input and output lines. 
The practical value of this suggestion is doubtful since it requires 
uncoupling and reversing the tuner if the required tuning is not accom¬ 
plished in the original position. If the output and input lines differ in 
length by a quarter wavelength, it is easily shown that all phases and 
magnitudes of standing-wave ratio are obtainable. Usually, a change of 
length of less than a quarter wavelength will suffice. The minimum 
length required for various stub spacings has been studied by Smith. 1 

Another method of increasing the tuning range of a given double- 

1 P. H. Smith, “Two Stub Transmission Line Impedance Matching Circuits,” 
BTL MM-43-170-14, Aug. 19, 1943. 
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stub tuner is to decrease the characteristic impedance of the line between 
the stubs. For example, Smith gives curves that show that if the char¬ 
acteristic impedance of the line between stubs is 0.7 times that of the 
main line, the tuning range of a double-stub tuner with one-eighth- or 
three-eighths-wavelength spacing is increased from r = 2 to r = 4. 
Similarly, the tuning range of a double-stub tuner with quarter-wave¬ 
length spacing is increased from r = 1 to r = 2 by the same change of 
line impedance. The effect of such a design change on the ease of tuning, 
discussed in connection with Fig. 8T9, has not been investigated. Before 
attempting this modification, it would be advisable to study the possible 
results of the change. 

8*7. Phase Shifter.—Variable impedance transformers of this type, 
popularly known as “line stretchers,” are required in transmission-line 
assemblies more frequently than any of the other transformers. They 
are needed in order to obtain stability of operation of microwave magne¬ 
trons when the line length is excessive or when the frequency of a tunable 
magnetron is changed. If the impedance presented to the magnetron 
falls within the unstable region shown on the Rieke diagrams of Fig. 2-45, 
the situation may be remedied by means of a change of line length 
between the magnetron and the load. The effect of this change of line 
length, which may be accomplished by means of a line stretcher, corre¬ 
sponds, on the impedance chart, to a rotation, about the center of the 
chart, of the impedance presented to the magnetron. In this way the 
load impedance is easily transformed into a region of stability. As 
the frequency of a tunable magnetron is changed, the load impedance 
presented to the magnetron also changes. If the line is long, there will 
be an especially rapid shift in the phase of the VSWR at the magnetron, 
since the line length in terms of wavelengths varies rapidly with change 
of wavelength in a long line. The load impedance at the desired oper¬ 
ating frequency is often found to be in an unstable region, but readjust¬ 
ment of the phase shifter will result in stable operation. 

One of the most satisfactory designs of phase shifter for coaxial lines 
is that shown in Figs. 8-20 and 8-21. It operates in much the same way 
as the slide of a trombone. The input line (lower left) and output line 
(lower right) are standard -g-in. coaxial lines. The H-shaped line section 
at the top corresponds to the slide of the trombone. The sliding and 
stationary line sections are coupled by means of capacitance-coupling 
sections of the folded half-wavelength type illustrated by Fig. 2-53o. 

In order to make possible the construction of a capacitance-coupling 
uni t, of this type, the outer conductor of the sliding section is increased 
to 1-J-in. OD, and the center conductor is reduced to ±-in. diameter. 
In addition, it is necessary to increase the diameter of the center con¬ 
ductor in the $-in. line sections. The impedance in the sliding section is 



Fig. 8*20.—Cross-section view of coaxial phase shifter. 


91.8 ohms, which is matched to the 46.4-ohm impedance of the £~in. line 
by means of three transformers, each a quarter wavelength long. The 
characteristic impedances of the transformer sections are, proceeding in 
order from the 46.4-ohm line, 37.8, 29.1, and 50.1 ohms. The frequency 
sensitivity of the combination of transformers plus the two capacitance- 
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coupling sections is about the same as that of the £-in. stub angle used. 
Each uni t, is best matched at a wavelength of 9.1 cm, and each sepa¬ 
rately gives a YSWR of about 1.05 at X = 8.8 cm and X = 9.4 cm. By 
judicious choice of the spacing between stub angle and transformer 
section, the resultant VSWR of the combination remains below 1.05 
from X = 8.8 to X = 9.8 cm. This example illustrates one broadbanding 
technique discussed in Sec. 2*16. 

Neither of the stub angles of the slide section is matched, when taken 
separately. The stub length is chosen to give the minimum mismatch 



Fig. 8-21.—Photograph of the phase shifter of Fig. 8-20. 


obtainable at a wavelength of 9.4 cm, the value of VSWR being about 
1.38. The two stubs are spaced to obtain cancellation of their mis¬ 
matches at a wavelength of 9.4 cm. The resulting combination of two 
Btubs, in the H-shaped form Bhown, gives a VSWR of 1.05 at wavelengths 
of about 9.1 and 9.7 cm. If the two stubs were combined in a 7r-shaped 
structure (stubs projecting left and right instead of upward) the fre¬ 
quency sensitivity of the combination would be greater. It would be 
greater also if one stub projected upward and the other to the right or left. 

The bellows surrounding the sliding joint is for the purpose of render¬ 
ing the device airtight, while permitting adjustment of the slide. A 
lengthening of the line of a full half wavelength is permitted for wave¬ 
lengths up to about 10 cm. 

The design shown is recommended only for wavelengths between 9.0 
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and 9.6 cm. Outside this range the standing-wave ratio becomes exces¬ 
sive and the length of the capacitance-coupling sections deviates too far 
from a quarter wavelength. Tests indicate that the line power must be 
about 500 kw at a wavelength of 9.4 cm to cause breakdown in air at 
atmospheric pressure. Each of a group of 52 units manufactured was 
tested for match at all slide positions at a wavelength of 9.4 cm. The 
maximum VSWR observed for any position of the 52 units was r = 1.35, 
and for half of the units the highest figure was r = 1.16. 

Several other designs for coaxial phase shifters have been proposed. 
Most of these use the trombone-slide principle, but employ slotted-finger 
contacts instead of the capacitance coupling used in the design just 



Fig. 8-22.—Type N line stretcher 


described. None of these has proved to be very easy to manufacture 
or very satisfactory in performance. 

A line stretcher of a simple type which is literally all the name 
implies, is illustrated in Fig. 8-22. It is intended for use at low power 
levels in lines, usually flexible cables, equipped with type N connectors. 
Unfortunately, the impedance is not matched through the unit; hence, 
in addition to a shift of phase, a mismatch is introduced. 

WAVEGUIDE TUNERS 

8*8. Short-circuiting Plungers.—A variable-position short circuit is 
frequently needed in waveguides, just as in coaxial lines. Short circuits 
find numerous applications in experimental laboratory work as well as in 
circuits such as stub tuners and variable power dividers. 

Short-circuiting plungers for circular waveguide may be made as 
shown in Fig. 8-23. This proposed design, which has not, to the author’s 
knowledge, been tried, uses a folded half-wavelength capacitance¬ 
coupling scheme similar to that used in coaxial-line plungers. The two 
quarter-wavelength sections of the plunger are actually coaxial lines, but 
because of the asymmetrical excitation by the waveguide currents they 
operate in the second coaxial mode, the TA'io-mode of Fig. 2-22. The 
wavelength Xi 0 in this mode may be calculated by the methods of 
Chap. 2. The wavelength will of course be different in the two sections, 
the respective values being denoted by Xj 0 and X" 0 in Fig. 8-23. The 
practice of alternating low and high characteristic impedances, discussed 
in Sec. 2-17, leads to good performance over a broad band of wave- 
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lengths. The sliding contact comes at a current node, as in the coaxial 
counterpart. It may be found desirable here, as for the coaxial plunger, 
to improve the contact by using short slotted fingers. 

A limitation on the use of slotted fingers in waveguides operating in 
the lowest mode or in coaxial lines in which the second mode exists 
should be borne in mind; namely, that the currents are not wholly longi¬ 
tudinal, as they are in coaxial lines excited in the lowest or TEM-mode 
or in round waveguide excited in the second or TM 01 -mode. Some trans¬ 
verse components of current are interrupted by longitudinal slots and 
good performance is therefore not to be expected. For this reason, a 
quarter-wavelength plunger with slotted fingers, similar to the coaxial 
plunger of Fig. 8-26, is not recommended. 

A plunger of the type used in the double-stub tuner of Fig. 8-26 
has been found to give satisfactory performance in laboratory test work 



Fig. 8-23.—Short-circuiting plunger for round waveguide. 

at low power levels. It is extremely easy to make, especially at very 
short wavelengths where the plunger is small. The alternation of low 
and high impedances makes the attainment of low contact resistance less 
important than it would be in a plain cylindrical plunger relying solely 
on low contact resistance. It may be shown that the current in the 
contact is reduced below that in the main waveguide by the factor 
Z 01 /Z 02 by the alternation of the low characteristic impedance Z 01 and 
the high characteristic impedance Z 02 . Plunger losses are reduced by 
the square of this ratio compared with those in a plain cylindrical 
plunger having the same contact resistance. The contact resistance of 
the plunger of Fig. 8-23 plays a still smaller role in plunger losses and 
contributes, in principle, zero loss at midband. 

The problem of designing a plunger for rectangular waveguide is not 
so straightforward, in theory, as that of designing one for round wave¬ 
guide. A very practical and satisfactory design has been evolved, how¬ 
ever, and it is shown in Fig. 8-24. The large hollow cavity within the 
plunger forms a section of waveguide one-quarter of a guide wavelength 
long. Therefore the input impedance, along the slots adjacent to the 
contacts of the sliding block, is infinite and the current in the contacts 
is zero. This infinite impedance is transformed, by the quarter-wave¬ 
length line of low impedance formed between the plunger and the wave- 






Sec. 8-9] 


WAVEGUIDE STUB TUNERS 


483 


guide walls, to zero at the input end of the plunger. It is difficult to 
visualize the action of this low-impedance line formed between closely 
spaced coaxial tubes of rectangular cross section. At the input end this 
line is excited only along the broad waveguide surfaces, and at its out¬ 
put end it is short-circuited along the narrow waveguide surfaces, and 
coupled through a slot to infinite impedance along the broad surfaces. 
In practice, however, a plunger of this type has been found to perform 
very satisfactorily. The r-f loss in such a plunger terminating a wave¬ 
guide has been observed to be about the same as that in one wavelength 
of waveguide. This is about what might be expected from the conductor 
losses in the walls of the line sections composing the plunger; therefore 
the sliding contacts cannot contribute much to the loss. 



Fig. 8-24.—Plunger-type choke for a waveguide 1J by 3 in. by 0.080-in. wall. 

In earlier designs, a thick metal sheet parallel to the broad surfaces 
of the waveguide divided the high-impedance cavity into two separate 
waveguide sections. Each section was coupled separately through one 
of the two slots to the outer low-impedance line. It was reasoned that 
if this plate were made as thin as possible, the impedance of each of the 
sections would be a maximum. It was then argued that the fields and 
currents are such that the presence of the plate is not needed; conse¬ 
quently the plate was omitted in later designs. 

Quarter-wavelength sections with slotted fingers similar to the coaxial 
plunger of Fig. 8*26 have also been used. They are found 1 to be inferior 
to plungers of the capacity-coupled type. 

8-9. Waveguide Stub Tuners.—Although stub tuners were frequently 
used early in the development of microwave circuits, they are now 
seldom employed. This is due partly to the development of tuners of 
alternative types which are more convenient to use and partly to the 
general trend toward the elimination of tuners from r-f lines such as 
those used in radar sets. It seems probable, however, that of all the 

1 C. G. Montgomery and D. D. Montgomery, “Losses and Reflections Introduced 
by Joints and Plungers in 3-cm Waveguides,” RL Report No. 164, Oct. 15, 1942. 
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types of tuners used in waveguides, the stub tuner is least likely to 
break down under high-power service. This would seem to be its chief 
advantage. 

A double-stub tuner of one type used in rectangular waveguide is 
illustrated in Fig. 8-25. The branclTsections of waveguide, containing 
movable short-circuiting plungers like those of Fig. 8-24, are attached to 
the broad surfaces of the waveguide, forming a configuration frequently 

termed an “/?-plane T-junction.” 
In the equivalent circuit of such a 
junction the branch section ap¬ 
pears in series with the main wave¬ 
guide. The rounding of the angle 
formed between branch line and 
main waveguide, apparent in the 
figure, has the purpose of avoiding 
the high electric fields that would 
otherwise occur along this junction 
line. 

An alternative method of cou¬ 
pling the branch line to the main 
waveguide is by means of an H- 
plane T-junction connection, 
which is made by joining the 
branch line to the narrow surface 
of the waveguide. The equivalent 
circuit of the H-plane T-junction 
consists of an effective shunt con¬ 
nection between branch line and 
main waveguide. The principal 
Fig. 8*25. — Double-stub tuner in ree- advantage of the //-plane connec- 
tangular waveguide. “ , ., . . , 

tion is that it is not necessary to 
round the angle along the junction line since there is no electric field at 
this point in the waveguide junction. 

Because it is connected in shunt, the //-plane stub has exactly the 
same effect as the coaxial-line stub discussed in Sec. 8-6. In fact, the 
entire analysis of the performance of multiple-stub tuners of various 
spacings is the same in the two cases. A spacing of an odd number of 
eighth wavelengths is most frequently used in waveguide double-stub 
tuners, just as it was in coaxial lines. If the stubs are placed on opposite 
sides of the waveguide, spacings as small as one-eighth wavelength may 
be used, although the distortions of the fields in the vicinity of the 
junctions may cause some peculiarities in tuning behavior. If the stubs 
are placed on the same side, as they usually are for ease of adjustment. 
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a considerably greater minimum spacing is required. The spacing in 
terms of wavelengths varies much more rapidly with wavelength in this 
case, and the band in which good tuning characteristics are obtained is 
therefore narrower. 

The analysis of the tuning characteristics of a stub tuner using the 
E-plane connection of Fig. 8-25 is like that 
given in connection with coaxial stubs, 
with the following simple modifications. 

The admittance diagrams of Sec. 8-3 must 
all be considered as impedance diagrams, 
and the words impedance, resistance, and 
reactance must be substituted for admit¬ 
tance, conductance, and susceptance 
throughout the discussion. The VSWR 
limitations are unchanged. The minimum 
spacing possible for stubs placed on the 
same side of the waveguide is obviously 
smaller for E-plane stubs than for //-plane 
stubs. 

An interesting design, which has been 
found useful for timers used at a wave¬ 
length of 1.25 cm, is illustrated by Fig. 

8-26. The series branches in this instance 
consist of round waveguides. The per¬ 
formance is similar to that of the .E-plane 
stub tuner of Fig. 8*25. The plunger 
shown has already been discussed in Sec. 

8-8. It is felt that a plunger of the type 
indicated in Fig. 8*23 would be preferable. 

The design as shown has, however, given 
satisfactory performance. It may be 
worth while to point out the possibility of 
the occurrence of a resonant condition for 
some settings of the plunger. Only one of 
the two mutually perpendicular polariza- Fl °' 8 ’ 26 '~F ouble_s 1 ij b tuner us- 
tions that may exist in the round wave¬ 
guide is strongly excited. It is possible that a slight coupling to the other 
polarization might lead to a resonance for certain plunger positions. 
The resonance would presumably be so sharp that it would seldom be 
encountered, and a slight change of plunger position would then elimi¬ 
nate the trouble. 

8-10. Variable-position, Single-screw Timer. —A very simple and 
convenient device for low-power impedance tuning in rectangular wave- 
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guide is shown in Fig. 8-27. This tuner consists of a small screw pro¬ 
jecting through a slot into the center of the wide side of the guide 
parallel to the electric field in the region of maximum field intensity. 
Such an obstacle appears in the line as a nearly pure shunt susceptance, 
capacitive for insertions smaller than about one-quarter wavelength in 
free space and inductive for insertions greater than this resonant length. 
At the resonant length the susceptance is nearly infinite. 

The normalized admittance at the screw, when the tuner is followed 
by a matched line, is 1 + jb for insertions less than the resonant length, 
where b is the shunt capacitive susceptance relative to the charac teristic 
admittance of the line. The magnitude of this admittance is \/l + b 2 
which can have any value from unity to very large values. If the slot 



is of such a length that the position qf the screw can be varied by at 
least one-half the guide wavelength, this admittance is obtainable in all 
possible phases. Conversely, an admittance of any magnitude and phase 
can be tuned to unity, or matched, by adjusting the tuner in such a way 
that its reflection just cancels that from the admittance to be tuned. 

In terms of the quantities actually observed in an impedance or 
admittance measurement, it is possible with this tuner to introduce a 
reflection of any phase or magnitude (standing-wave ratio). The reflec¬ 
tion coefficient is a useful concept to use in a discussion of impedance 
tuning since the standing-wave voltage ratio and the phase of the reflec¬ 
tion coefficient are the quantities usually measured and those that 
uniquely determine the impedance at a given reference plane in the 
waveguide. The actual value of the normalized impedance associated 
with a given reflection is easily obtained by the use of a Smith impedance 
chart (see Sec. 2-11) by plotting the voltage standing-wave ratio and 
the electrical distance (the phase angle of the reflection coefficient) from 
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a voltage maximum (or minimum for the admittance) to the desired 
reference plane. Since many waveguide tuners involve elements that 
behave as shunt susceptances, reference to a Smith chart in this dis¬ 
cussion will usually imply its use as an admittance plot. 

The statement that a screw inserted parallel to the electric field 
appears as a shunt capacitance can now be clarified by reference to such 
an admittance plot. If the admittance obtained from measurements of 
the standing-wave ratio and distance, in guide wavelengths, from a 
minimum to the plane of the screw is plotted as a function of depth of 
insertion of the screw, for a given wavelength, the plot will lie along the 
circle of unity conductance on the upper half (positive-susceptance side) 
of the Smith-chart admittance diagram. This behavior is characteristic 
of screws with diameters small compared with a guide wavelength except 
when the standing-wave ratio is large (that is, for large screw insertions) 
and losses in the timer become appreciable and result in a change in 
conductance. 

As the screw approaches a free-space quarter-wavelength insertion it 
becomes resonant and presents a nearly infinite shunt admittance or a 
nearly infinite reflection limited only by losses in the tuner. Thus, 
since the insertion can be adjusted for nearly any magnitude of reflec¬ 
tion and this reflection presented in any phase by varying the position 
of the screw along the line, nearly any admittance can be presented or 
matched with this device. 

Practically, of course, this tuner is limited in the magnitude of the 
admittance that it can tune by the fact that the adjustment becomes 
very critical for large insertions of the screw. As the screw approaches 
a quarter-wavelength insertion the rate of increase in reflection with 
insertion increases very rapidly. Furthermore, losses, not only in the 
screw itself but in the power coupled out of the slot by the screw, become 
appreciable for large insertions, and therefore the contact between the 
screw carriage and the waveguide becomes important. This effect makes 
it difficult to obtain or reproduce the desired phase of a large reflection 
by adjusting the position of the tuner. Figure 8-28 shows an improved 
design for a single-screw tuner in which a folded half-wavelength coaxial 
choke section is used to create a low impedance in the region of contact 
between the screw holder and the surface of the waveguide and, thereby, 
to minimize the effect of variations in contact as the carriage is moved 
along the guide. This design has been found to be advantageous for 
accurate work even when the reflections to be tuned are comparatively 
small (VSWR of 1.2 or less, for example). When it is desired to achieve 
the degree of match represented by ajstanding-wave voltage ratio of 
less than 1.01, contact effects can greatly hamper the facility of adjust¬ 
ment and reproducibility of results. 
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Impedance tuning of this type is ideally suited to impedance meas¬ 
urements in microwave systems, since these measurements are most fre¬ 
quently made in terms of the magnitude and phase of a reflection. The 
variable-position single-screw tuner offers a means of adjusting these two 
quantities in a relatively independent manner. The magnitude of the 
reflection from the screw is completely independent of the phase; that is, 
it depends only upon the insertion and does not vary with changes in 
position of the tuner. However, it is evident from the Smith-chart 
admittance plot of a variable shunt susceptance that the phase of the 
reflection is approximately independent of the magnitude only for small 
values of susceptance along the circle of unity conductance. For a 



fixed position of the screw the rate of change of the reflection phase 
angle with insertion is small for insertions and increases with the inser¬ 
tion. As the insertion increases from zero to a quarter wavelength, the 
phase of reflection changes by an eighth guide wavelength—a change of 
90° in the phase angle of the reflection coefficient. 

The fact that these two parameters are approximately independent, 
for smn.11 standing waves, makes this method of tuning quite convenient 
for impedance measurements of certain kinds. For example ; the reflec¬ 
tion from a small mismatch frequently has a negligible variation in mag¬ 
nitude over a fairly broad wavelength band. Such a mismatch, tuned 
out at one wavelength by means of the screw tuner, can then be tuned 
quickly at other wavelengths by a single adjustment of the position of 
the screw along the guide. 

The use of the sliding-screw tuner is not limited by the wavelength 
range over which it is desired to tune impedances except in so far as the 
waveguide itself is limited. If the slot length S (Fig. 8-27 )is sufficiently 
large to allow a variation in the position of the screw of one-half a guide 
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wavelength for the longest wavelength to be used, then all phases of reflec¬ 
tion are possible at any wavelength. If the screw length is long enough 
to permit an insertion L equal to one-quarter wavelength in free space 
at the longest wavelength, then reflections of any magnitude are pos¬ 
sible within the limitations set by losses in the timer at large insertions. 
Because of its simplicity and versatility, the single-screw tuner has been 
used almost exclusively in low-level impedance measurements of wave¬ 
guide components. Since there is seldom need to tune extremely large 
standing waves with great accuracy, this tuner is entirely adequate for 
most applications. 

8-11. Single-slug Tuner.—Probably the most stringent limitation on 
the application of the single-screw tuner to waveguide lines is that of its 



low power-handling capacity. The slot must be made comparatively 
narrow in order to minimize leakage and reflections, and the screw must 
be, accordingly, of small diameter. In order to maximize the tuning 
range, however, the screw must be inserted in the region of maximum 
field strength, or at the center of the guide. For these reasons there are 
always high field intensities at the screw, and the use of this tuner is 
therefore usually limited to the test bench or to low-power systems 
where only small standing waves are to be tuned. 

A similar timer, in which a thin slab of dielectric replaces the screw, 
has been used successfully at high powers and for standing-wave ratios 
of two or three in voltage. This tuner, shown in Fig. 8-29a, is often 
referred to as a “single-slug” tuner. 

The effect of such an element in a transmission line may be studied 
by considering the element to be a series section of line of variable char¬ 
acteristic impedance which may also be varied in position. If the char¬ 
acteristic impedance of the waveguide is taken as unity as indicated in 
Fig. 8-296, and if z x is the normalized characteristic impedance of the 
waveguide in the region of the dielectric, then the normalized input 
impedance at the slug is (assuming a lossless line, or real z x ) 
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_ , (l + jzi tan fil \ 

1 \ + j tan $1) 

where /3 = 2ir/\g, and \g is the guide wavelength in the region of the 
dielectric. For a thin slug this wavelength is found to be very nearly 
the usual guide wavelength; the experimental determination of the wave¬ 
length will be described later. Equation (5) also assumes negligible dis¬ 
continuity capacitances at each end of the dielectric strip. This is a 
good approximation for strips having a thickness small compared with 
the width of the waveguide. From Eq. (5) it is seen that the reflection 
coefficient appearing on the input side of the slug is 


2—1 
’ 2 + 1 ' 


j(4 - i) 


22i 


and its magnitude is 
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tan $1 
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The quantity |r|, considered as a function of l, has its maximum value 
when the first term in the denominator vanishes, or when $1 = x/2 or 
l = X e /4. This gives 


in. 


z\ - 1 
2 ? + 1 ' 


Then, for a length l equivalent to a quarter of a guide wavelength, the 
standing-wave voltage ratio is 

<’> 


and depends only on the insertion, if 2 i is real. It should be noted that 
if r is defined as always greater than unity then r = 1 /z\, if 2 i is less 
than one. Furthermore, it is seen from Eq. (6) that if 2 i is real and l is 
an equivalent quarter wavelength the reflection coefficient is real and 
depends only on 2 i, which means that the phase of the reflection is inde¬ 
pendent of the magnitude. This holds for all insertions, within the 
approximations that 2 i is real and that X e in the region of the dielectric 
does not vary appreciably with insertion. This slug tuner differs from 
the single-screw tuner in that the phase of reflection from the screw is 
not independent of the insertion for large reflections. 

From Eq. (5) it is seen that, as l approaches an equivalent half 
wavelength in guide, the normalized input impedance approaches unity 
and there is no reflection. This suggests a simple method for deter¬ 
mining equivalent electrical lengths in the region of the dielectric. A 
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strip of the dielectric to be used is inserted in the guide and its length 
trimmed until a minimum reflection is measured. This length is an 
equivalent half wavelength and, to a good approximation, half this 
length is an equivalent quarter wavelength. These electrical lengths 
are, of course, functions of the wavelength. 

For the Mycalex 1 dielectric used in the high-power tuner shown in 
Fig. 8-29a, these lengths were found to be very nearly the usual values 
for waveguide without the dielectric. Mycalex, a fused mixture of 
powdered mica and soft glass, is used because of its good high-voltage 
properties, low loss, and high dielectric constant that makes it possible 
to obtain sizable reflections from strips necessarily limited in thickness 
by the slot width. For example, a quarter-wavelength strip of ^-in. 
thickness produces a standing-wave voltage ratio of about 4 for full 
insertion at 10-cm wavelengths. In experimental work the slugs can be 
coated with ignition sealing compound 2 which serves both to improve 
the high-voltage breakdown characteristics and to lubricate the trans¬ 
verse motion of the slug in its Micarta carriage. 

It is difficult to give an unambiguous statement of the power rating 
of such a tuner. Breakdown phenomena are erratic and the factors 
affecting them are not well understood. This is particularly true for 
pulsed operation in which transient effects and the multiple harmonics 
produced by some oscillators contribute to the general confusion of 
results. The power rating of the tuner just described depends, among 
other things, upon the insertion required to introduce a given reflection 
and this, in turn, depends upon the wavelength. Furthermore, proper 
techniques of tuning can increase considerably the useful power limit of 
the timer. That is, a tuner that is just “safe” for all phases of a given 
reflection at a given pulse power may be used at considerably higher 
powers or larger reflections (insertions) if the insertion is made in small 
steps, each accompanied by an adjustment in position to determine the 
proper phase for matching. It will be shown that, if the normalized 
characteristic impedance in the region of the slug is less than unity, as it 
is for a low-loss dielectric when the guide is operated in the Tj&io-mode, 
the voltage across the line in the region of the tuner is always equal to 
or less than the voltage across the matched portion of the line. The 
“voltage across the line” at any point is that relative to the voltage 
across a matched line, and is calculated from the normalized impedance 
at the point. 

This condition on the voltage holds, if the tuner is properly used, 
for either of two cases: (1) when the tuner is followed by a matched 
line and is being used to present a desired input impedance, or (2) when 

1 GE Mycalex 1364 recommended. 

* Dow Corning Corp., Ignition Sealing Compound 4. 
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the tuner is used to tune out a mismatched load impedance that follows 
it in the line. For matching a load impedance, the tuner is adjusted in 
such a way that the normalized input impedance of the combination of 
tuner and load is unity. It will be shown that, for a giyen power delivered 
to the load, the voltage across the line in the region of the tuner is never 
greater than that across a matched line in Case (1) for any position of 
the tuner; this is also true in Case (2) when the tuner is adjusted to 
match the load impedance. 

This statement can be justified in the following way. For Case (1), 
in which the tuner is followed by a matched load, the normalized out¬ 
put impedance of the tuner is unity. This is the condition expressed in 
Eq. (5), which reduces to 

z = z\ 

for l = \g/ 4, where z is the normalized input impedance and Zi is the 
normalized characteristic impedance in the tuner section (see Fig. 8*29a). 
If zi is less than unity, the impedance along the tuner decreases from 
unity at the output end to z\ at the input end. For a constant power, 
the voltage across the line decreases from V 0 , the voltage across the 
matched line at the output end to F 0 Zi at the input end of the tuner 
section. 

For Case (2), in which the tuner is used to match a load impedance 
different from unity, the general transmission-line equation is 

( z R + jzi tan @l \ 
z\ + JZr tan plj 

where Zr is the normalized impedance at the output end of the timer 
and depends on the impedance of the load. The input impedance z is 
the transformation of Zr through the line of characteristic impedance Z\ 
and length l. This impedance reduces to 



Zr 


for l = Xgr/4. If the tuner is adjusted for match, the normalized input 
impedance is unity or 

z R = z\. 

Then, if Zi is less than unity, the impedance along the tuner decreases 
from unity at the input end to z R = z\ at the output end. Similarly 
the voltage decreases from F 0 to FoZi- 

It should be remembered that the conditions just described hold in 
Case (2) only when the tuner is adjusted for match. When the tuner is 
being used to match another impedance there are possible positions of 
the tuner where the voltage across the line is considerably greater than 
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F 0 because of the standing waves. The result obtained indicates the 
proper method of tuning to be used at high powers. The proper phase 
for match is determined at small insertions of the tuner by the usual 
standing-wave-measurement technique. Then, as has been shown for 
this tuner, the proper insertion may be made without appreciable vari¬ 
ation of the phase and the slug will automatically be at a position of 
lowest voltage. 

The voltage across the line mentioned in this discussion may be con¬ 
sidered as the voltage that would occur across an empty guide if the 
same conditions of impedance were established by other means. The 
actual voltages occurring across the gap between the slug and the oppo¬ 
site side of the guide are, of course, considerably different from the 
voltage across the line. It seems reasonable, however, to assume that 
this “gap voltage” is least where the voltage across the line is least. 
It has been shown that, with proper tuning technique, this gap voltage 
need never be greater than it is in regions where the voltage across the 
line is that for the matched condition. 

In view of the many factors affecting the power rating of a tuner of 
this type, it must suffice to give an example of conditions under which 
these tuners have been used satisfactorily. Both single and double 1 
Mycalex-slug tuners have been used in standard 10-cm waveguide to 
introduce standing-wave ratios up to 2 or 3 in voltage for pulse powers 
up to 800 kw, with a pulse width of 1 nsec, and a repetition rate of 
400 cps, at atmospheric pressure, and with 10-cm magnetrons of the 
4-J series. Methods for estimating extrapolations to other conditions 
are discussed in Chap. 4. 

A slug tuner can, of course, be made with slugs of other dielectrics 
or of metal. Few other dielectrics, however, have as good high-voltage 
properties as Mycalex for the same high dielectric constant. Little is 
gained by the use of dielectrics in a low-power timer since all dielectric 
tuners are limited in the maximum amount of reflection obtainable, and 
are therefore considerably less satisfactory for low-power work than the 
single-screw timer. This analysis of the quarter-wavelength-slug tuner, 
however, suggests that the use of a thin metal slug would result in a 
low-power tuner having some advantages over the single-screw type. 
One of the chief advantages would be that a larger reflection would be 
introduced by a thin metal slug than by a small screw of the same 
thickness for the same insertion. Conversely, the same reflection could 
be obtained with less insertion. This effect would make a metal-slug 
tuner more useful than the single-screw tuner for tuning large reflections 
since it would be less critical to adjust. Such a timer, however, has not 
been developed since it has seldom been necessary to tune large standing 
1 Double-slug tuners are discussed in Sec. 8-12. 



494 


TUNERS, POWER DIVIDERS, AND SWITCHES [Sec 8-12 


waves with great accuracy, and the single-screw tuner has proved ade¬ 
quate for most low-power work. 

8*12. Waveguide Double-slug Timers.—Since a dielectric slug is 
limited in the amount of reflection that it can introduce, such elements 



may be used in pairs, as shown in Fig. 8-30, to increase the tuning range. 
The maximum reflection from two slugs A e /4 in length occurs when the 

separation C is A e /4 where X e is the 
guide wavelength. The normal¬ 
ized impedances at different points 
in the tuner section are given in 
Fig. 8-31. These impedances are 
obtained by application of the 
usual transmission-line equation as 
discussed in Sec. 8-11. If zi is the 
normalized characteristic imped¬ 
ance in the region of the dielectric, 
then the combination, when 
followed by a matched line, has 
an input impedance zf as 
compared with z\ for a single element. 

Tuning is accomplished in either of two ways: (1) by varying the 
depth of insertion B and the position along the line A of the two slugs 
together without changing their separation C, or (2) by varying the sepa- 



Fig. 8-31.—Normalized impedances 
waveguide double-slug tuner, z' = 1, z" 
zi*, z'" = 1/zi 2 , z = Zi 4 . 
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ration of the slugs for a given insertion and varying the position of the 
tuner. In the first method the variations in the phase and in the mag¬ 
nitude of the reflection are independent, as in the case of the single-slug 
tuner. It can be shown that, in the second method, if the separation C 
of the elements 0 is varied in such a way as to keep the position A of 
the center of the tuner constant, there is very little change in the phase 
of the reflection. Since the normalized input impedance of the tuner 
followed by a matched line is unity for a separation of the slugs equal 
to zero or an integral number of half wavelengths in the guide, imped¬ 
ances varying from unity to z\ are obtainable by this method for a given 
depth of insertion. The impedance Zi, of course, depends upon the 
insertion. It is usually more convenient mechanically, with a tuner of 
this type, to use the first method of tuning. The additional adjustment 
on the separation of the slugs, however, is of advantage when the tuner 
is used over a wide wavelength band. This adjustment may be used to 
maximize the reflection obtainable with a given insertion at different 
wavelengths. 

The power rating of a single Mycalex-slug tuner was discussed in the 
previous section. The double-slug tuner may be used at slightly higher 
pulse powers than the single-slug tuner for the same standing-wave ratio 
because the double-slug type requires less insertion for the same mag¬ 
nitude of reflection. As has been shown, the maximum standing-wave 
voltage ratio obtainable is equal to l/z\ for the double-slug tuner, as 
compared with \/z\ for the single-slug type, where z x is the normalized 
impedance for a given insertion in the region of the dielectric and the 
standing-wave ratio is defined as greater than unity. 

The advantage, however, is not so great as might be expected from 
the difference in the insertion required for a given reflection. This state¬ 
ment may be justified qualitatively for the double-slug tuner as follows. 
If the normalized characteristic impedance z x in Fig. 8-31 is less than 
unity, then for a quarter-wavelength separation the output end of the 
first slug is at the position of an impedance maximum (and, therefore, 
a voltage maximum) because of the reflection from the second slug. At 
this point the voltage across the line, as defined in the last section, is 
Fo/zi which is greater than F 0 , the voltage across the matched line. 
Thus the voltage across the line is not equal to or less than F 0 every¬ 
where in this tuner as it was shown to be for the single-slug tuner. How¬ 
ever, double-slug tuners of this type using Mycalex slugs have been used 
at 10-cm wavelengths, at pulse powers up to nearly a megawatt, to tune 
standing-wave voltage ratios of about two under the conditions given in 
the last section and using the tuning technique described there. 

Another form of high-power slug tuner in which the variation in the 
magnitude of the reflection is obtained by changing the slug separation 
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where Z x is the characteristic impedance in the region of the slug and 
Z Q is the characteristic impedance of the waveguide. The general 
expression 1 for the impedance of a rectangular waveguide operated in 
the T-Exo-mode is 


where e and /z are the electric and magnetic inductive capacities, X„ and 
X 0 are the guide and free-space 
wavelengths, and b and a are the 
inside guide dimensions as indi¬ 
cated in Fig. 8-33. Then for metal 
slugs where the thickness of the 
slug is & — the maximum stand¬ 

ing-wave voltage ratio is given by 

This equation is valid if the slug 
extends across nearly the full 
width of the guide, since the guide wavelength is then the same in the 
tuner as it is elsewhere in the guide. The proper size of metal slug for a 
desired mismatch is given by this expression. A similar calculation for 
dielectric slugs is more complicated. 

This simple analysis neglects the dis¬ 
continuity capacitance at each end of the 
slug. The neglect of this capacitance is 
warranted not only because these effects 
are small even for a slug that fills about 
one-third of the guide, but also because 
these effects occur a quarter of a guide 
wavelength apart for each slug. The 
reflection caused by the end effect at one 
end of a slug is of nearly the proper phase 
to cancel that from the other end. 

Dielectric slugs have been used in 
tuners of this type, but since a dielectric 
slug must have considerably greater thickness than a metal slug in 
order to introduce the same reflection, it has no advantage over the 
metal slug in terms of power-handling capacity. The most satisfactory 
design for a double-slug tuner for high power is shown in Mg. 8-34. 
It consists of metal slugs held by polystyrene supports at each side of 

1 J. C. Slater, “Microwave Transmission,” McGraw-Hill, New York, 1042, p. 18S. 
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the guide where the field intensities are low. This design eliminates the 
slot that frequently contributes to breakdown phenomena at high powers. 

Motion of the slugs in this design is effected by means of small cables 
that enter from the side of the guide. Such a tuner has proved to be 
fairly satisfactory electrically but difficult to construct in such a way as 
to provide for the proper motion of the slugs. This tuner has, at best, 
about the same power rating as the Mycalex double-slug tuner pre¬ 
viously described which is considerably simpler to construct and use. 

8*13. Fixed-position, Capacitive-screw Timers.—The theory of 
tuning with fixed-position, variable susceptances is discussed in Sec. 8-6. 
In particular it can be shown that impedances of all phases and mag¬ 
nitudes can be tuned with various combinations of three or more capaci¬ 
tive screws spaced one-quarter or one-eighth of a guide wavelength 
apart. Two screws capable of adding infinite susceptance, placed one- 
eighth of a guide wavelength apart, can, theoretically, tune all possible 
reflections for which the voltage standing-wave ratio is less than two at 
the frequency for which their separation is adjusted. At other fre¬ 
quencies the maximum reflection tunable in all phases is less. In 
addition to this limitation, the double capacitive-screw tuner has the 
disadvantage that, for certain phases of impedance, tuning a very small 
mismatch requires large insertions of one or both screws. Furthermore, 
the tuning is not direct; that is, for many phases of mismatch to be 
tuned, the resulting standing-wave ratio observed varies in a compli¬ 
cated manner as the screws are inserted. The combined reflection of 
tuner and mismatch may become considerably larger than that of the 
mismatch alone as the screws are inserted. Since it is usually desirable 
to be able to tune a mismatch by observing only the magnitude of the 
reflection (standing-wave ratio) without regard to its phase, this anoma¬ 
lous variation makes it difficult to find the proper insertions of the screws 
for match. 

More complete tuning is obtained by the use of at least three screws 
with one-eighth- or one-quarter-wavelength spacing, as shown in Fig. 
8'35. Four screws with one-eighth-wavelength spacing are sometimes 
used. Tuning with such combinations of three or more screws is more 
direct, for some phases of mismatch, and these tuners are usable over 
broad wavelength bands. Usually, no more than two of the screws are 
necessary to tune a given mismatch and, provided that the proper pair 
is used, tuning can be accomplished with a minimum of insertion. 
Thus adjustment becomes less critical and the losses in the screws are 
minimized. 

These advantages are largely offset by the problem of determining 
just what combination of screws will give the most desirable tuning. 
This problem arises from the fact that with these tuners many imped- 
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ances are tunable with, more than one pair of screws or with a great 
many different settings of three screws. Moreover, some impedances 
that can be tuned exactly with one pair of screws can be very nearly 
tuned with another. The tuning of a given reflection without reference 
to its phase, therefore, becomes a rather tedious process, and a knowledge 
of the properties of the tuners is required to determine whether or not a 
given setting that matches the reflection is the most desirable one. 
Complicated rules have been developed for tuning with multiple fixed- 
position susceptances. These rules serve chiefly to indicate that other 
methods of tuning should be used whenever possible. 

There is seldom the necessity to tune large reflections at high powers. 
At low powers, the single sliding-screw tuner (Sec. 8-10) is almost com- 







Fio. 8-35.—Waveguide capacitive-screw tuners. 


pletely satisfactory for a waveguide tuner and is simple to use. For 
limited reflections at high powers, the dielectric-slug tuners (Secs. 8-11 
and 8-12) or general-susceptance screws next to be discussed (Secs. 8-14 
and 8 15) are adequate and considerably less complicated than the 
capacitive-screw tuners. 

8*14. General-susceptance Screws.—The complexity of tuning with 
fixed-position capacitive screws led to the development of general- 
susceptance screws, that is, fixed-position screws that are capable of 
introducing either inductive or capacitive shunt susceptance at very 
nearly constant phase. A pair of such screws spaced one-eighth of a 
guide wavelength apart form a tuner that combines many desirable 
features (although not the range) of the double-stub tuner with the 
mechanical simplicity of a screw tuner. In addition, a tuner of this 
type has no slot leakage as have the variable-position waveguide tuners. 
Furthermore, because larger screws may be used, the depth of insertion 
for a given reflection is less and the breakdown power is correspondingly 
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greater than for the sliding-screw or metal-slug tuners. (Secs. 8*10 
through 8 12). 

The chief limitation of general-susceptance screw tuners is that the 
amount of inductive susceptance obtainable even with a large screw 
is comparatively small. Thus the maximum reflection tunable in all 
phases is limited if no more than two screws are to be used. The use 
of more than two tuning screws is undesirable because of the added 
complexity of tuning discussed in Secs. 8-6 and 8-13. There is, however, 
wide application for a simple and accurate impedance-tuning device 
which can match all phases of a limited reflection over a 15 or 20 per 
cent band, which has negligible r-f leakage, and which can handle appre¬ 
ciable power. 

A simple and convenient device for obtaining, with a single screw, 
a susceptance that can be made either capacitive or slightly inductive 
and that is variable both in phase and in magnitude has been developed 
at the Bell Telephone Laboratories. 1 This tuner consists of a large- 

diameter screw offset from the 
center of the guide and having a 
small projection beyond the end of 
the screw as shown in Fig. 8-36. 
If the screw is effectively one- 
quarter of a guide wavelength in 
diameter, this projection behaves 
as a lumped capacitive suscept¬ 
ance which “scans” through one- 
quarter wavelength in phase and 
changes gradually in magnitude 
with rotation of the screw. If this 
device is followed by a matched line, the shunt admittance at some fixed 
reference plane on the input side will appear to vary from a pure capaci¬ 
tive susceptance to a pure inductive susceptance of nearly the same 
magnitude if the pitch of the screw thread is sufficiently small. The 
admittance as a function of insertion of the screw shown in Fig. 8-36, at 
a wavelength of 3-33 cm, is plotted in Fig. 8-37. The conjugates of these 
admittances may be matched with this tuner. 

A tuner of this design has the appreciable advantage of providing 
approximate tuning over a limited range of impedances with a single 
control. Such amplification is seldom a step in the wrong direction. 
This tuner has certain properties, however, that should be noted in con¬ 
nection with experimental applications. The exactness with which an 
arbitrary impedance may be tuned is determined by the change in the 

1 P. H. Smith, “The Asymmetrical Waveguide Tuning Plug,” BTL Report, 
MM 44-170-59, Dec. 8, 1944. 



Fig. 8-36.—Single asymmetrical screw for 
3-cm band. 
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magnitude of the reflection introduced between scans. This change, of 
course, depends upon the pitch of the screw thread, which, in turn, is 
limited by the diameter of the screw. The diameter of the screw is 
a function of the wavelength, since it must be effectively equal to a 
quarter wavelength, and it is limited by the size of the guide. Further¬ 
more, it may be seen from Fig. 8-37 that successive scans of the imped- 



Fig. 8*37.—Admittance of asymmetrical screw shown in Fig. 8-36; variation with screw 
rotation. 

ance phase are usually not adjacent curves in terms of the magnitude 
of reflection introduced. This effect is to be expected since the projec¬ 
tion on the screw moves transversely as well as iongitudinally in the 
guide with rotation of the screw. Thus on alternate half turns of the 
screw, the projection is near the side of the guide, where the reflection is 
considerably less than that occurring when it is near the center. Finally, 
the shunt susceptance of the rest of the screw is superimposed on the 
admittance of the projection. Since the former is fixed while the latter 
varies in phase by approximately plus or minus one-eighth wavelength 
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from the center of the screw, the phase angle between the reflections from 
each of these sources varies from 0 to ± 90°, approximately. 

Because of all these effects, the standing-wave ratio observed in 
tuning a mismatch is a complicated function of the insertion. In tuning 
without reference to the phase of the mismatch, it is not always readily 
evident that an improvement is being effected or that a given minim u m 
reflection is the best possible match that may be obtained. If properly 
used, however, this tuner is capable of matching an admittance of any 
phase within the circle indicated (VSWR of 1.4 or less) to a standing- 
wave voltage ratio of 1.2 or less; for some phases considerably larger 
reflections may be matched to the same degree. 

Another method of obtaining capacitive and inductive susceptance 
with a single screw utilizes the fact that, just as a screw projecting into 



Fig. 8-38.—Double-screw tuner for 10-cm wavelength. 

the guide parallel to the electric field appears as a shunt capacitive 
susceptance, so the same screw retracted into its boss, leaving a cavity, 
behaves somewhat as a lumped inductive susceptance that varies with 
the length of the cylindrical cavity so obtained. A tuner for mis¬ 
matches corresponding to a standing-wave voltage ratio of about 1.15, 
which uses two such screws 1 in. in diameter, spaced one-eighth of a 
guide wavelength apart, is described in Sec. 6-8. This tuner is used to 
provide a small adjustment on the admittance of a broadband matching 
iris in the waveguide sections of a transition from coaxial line to wave¬ 
guide. A greater maximum inductive susceptance may be obtained by 
the use of screws of larger diameter (2 in.) as shown in Fig. 8-38. An 
admittance plot for this timer is shown in Fig. 8-39. The admittance 
at the center of the input screw is plotted for each screw separately; 
that is, one screw is varied with the other set flush with the inside of the 
guide. It is found that there is little interaction between the screws 
when both are used simultaneously even for fairly large insertions and 
for screw diameters considerably greater than X 0 /8. Consequently, the 
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admittances that can be produced are obtained by combining the 
admittances of the two screws. For example, the admittance repre¬ 
sented by point A in Fig. 8-39 is obtained with an insertion of slightly 
less than 0.05 in. of the input screw and a retraction of 0.40 in. of the 
output screw. 

It is seen from Fig. 8-39 that the variation of admittance with retrac¬ 
tion of the screw departs appreciably from the circle of unity conduct- 



susceptance screws. 

ance on which the plot of a pure shunt inductive susceptance should fall. 
It will be shown later that, provided this deviation is not too great, it is 
somewhat advantageous. This effect can increase the maximum reflec¬ 
tion that can be tuned in all phases by a pair of these screws at a given 
wavelength, or can increase the wavelength range over which a given 
reflection can be tuned in all phases for a fixed screw separation. The 
factors determining the proper size and spacing of screws for optimum 
broadband tuning will be discussed here and in the next section in so far 
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as they have been investigated experimentally in the development of a 
double-screw tuner for 10-cm waveguide. 

A screw inserted in the center of the guide, parallel to the electric 
field, gives nearly an infinite shunt capacitive susceptance for an inser¬ 
tion of a free-space quarter wavelength only if the screw diameter is 
small compared with the guide wavelength. As discussed in Sec. 8-10, 
however, a screw of this type requires considerable insertion to produce 



Fig. 8*40.—Admittance as a function of screw setting at 9.5 and 10.7 cm for 2|-in. diameter 
general-susceptance screw. 

a usable effect and, consequently, has a low power-handling capacity. 
It is desirable to obtain a given susceptance with a minimum insertion, 
which is done by increasing the diameter of the screw. This limits the 
maximum susceptance obtainable, however, and if the screw is too large 
the resulting plot of admittance as a function of insertion is quite differ¬ 
ent from a simple variation in shunt susceptance. This effect is to be 
expected, since a sufficiently large screw will behave as a length of line 
having a characteristic impedance and guide wavelength that vary with 
the insertion of the screw. At some insertion the screw may appear as 
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a half-wavelength section of line and give no reflection. Such an effect 
is shown in Fig. 8-40 which is a plot of admittance as a function of 
screw setting for a 2.5-in. diameter screw. This screw provides very 
little capacitive susceptance at 10.7 cm and none at 9.5 cm. Further¬ 
more, the plots for both inductive and capacitive settings of the screw 
appear to be anything but a simple variation in shunt susceptance. 

As expected, the effect for a given screw size is niore pronounced at 
short wavelengths. Figure 8-41 is a plot at various wavelengths of 
standing-wave voltage ratio as a function of insertion for a screw 2 in. 



screw at different wavelengths. 

in diameter. A similar result, although one not so pronounced, is 
obtained with a 1.5-in. screw in the 8- to 11-cm region. A 1-in. diameter 
screw, however, is found to be quite satisfactory over this wavelength 
range for standing-wave ratios up to 3 in voltage. It shows a com¬ 
paratively small variation of reflection with frequency for a given inser¬ 
tion as shown in Fig. 8*42. The shaded area represents the spread in 
curves of standing-wave voltage ratio as a function of insertion at five 
different wavelengths between 8.1 and 11.1 cm. 

Also plotted to the same scale in Fig. 8 42 is the almost negligible 
inductive susceptance produced by retracting the 1-in. screw into its 
boss. From this curve it is readily evident that a much larger screw is 
necessary to provide a usable amount of inductive susceptance. A com¬ 
pound screw of the type shown in Fig. 8-43, Sec. 8-15 is necessary to 
provide a usable amount of either inductive or capacitive susceptance 
with the same screw. 




Voltage standing-wave ratio 
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Although a larger screw will give a greater inductive susceptance, 



Fig. 8-42.—Voltage standing-wave ratio 
as a function of screw setting for 1-in. diam¬ 
eter screw in waveguide; spread over 8.1- to 
11.1-cm band. 


there are factors that limit the size 
of screw that can be used over a 
desired wavelength range. It is 
shown in Fig. 8-40 that, as the 
wavelength decreases, the plot of 
admittance as a function of 
retraction departs considerably 
from a purely susceptive varia¬ 
tion. Data for different screw 
diameters indicate that this effect 
becomes more marked as the ratio 
of screw diameter to guide wave¬ 
length increases. The resulting 
characteristics are undesirable in 
two ways. First, they limit the 
magnitude of inductive suscep¬ 
tance that may be obtained. 
Second, they affect the “orthogo¬ 
nality” of tuning as shown in Fig. 
8-39 for a pair of screws spaced 
Tuning with two screws is least com- 


one-eighth guide wavelength apart, 
plicated when one screw tunes the conductance component of a given 



Fig. 8-43.—Tuning screws for adjusting match of transitions. 

admittance and the other, the susceptance component. Departures from 
this characteristic make tuning without reference to the phase of the 
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mismatch a more complicated procedure as in the case of the capacitive 
screws discussed in Secs. 8-6 and 8-13. 

This effect on the admittance as a function of retraction for the 
inductive sgrew is to be expected. In large-diameter cavities at suffi¬ 
ciently short wavelengths, appreciable propagation of the lowest round- 
waveguide or 77?ii-mode is possible. In this case the discontinuity 
becomes a short-circuited section of line of small but finite length which 
appears in the waveguide as a series reactance as well as a shunt sus- 
ceptance. Since the whole effect is distributed over a large fraction of a 
guide wavelength it can hardly be treated as a single lumped susceptance. 
Experimentally, it has been found that the shunt admittance of a retracta¬ 
ble screw 2 in. in diameter is very nearly a pure susceptance in the wave¬ 
length range 9 to 11 cm. This result is shown in Fig. 841. A screw of 
this size has been used successfully in a double-screw tuner for standing 
waves up to 2 in voltage over this wavelength range. 

All effects described here probably can be analyzed and the optimum 
screw sizes calculated for a desired tuning range from the theory of 
waveguide discontinuities. In the interest of obtaining quickly the 
design for a useful timer, however, the theory is left for more leisurely 
application. 

8*16. A Waveguide Double-screw Tuner.—As discussed in the last 
section it is possible to tune a limited reflection in all phases by use of 
two general-susceptance tuning screws centered in the wide side of the 
guide. Such a tuner for 10 cm using the compound screws described in 
Sec. 8-14 is shown in Fig. 843. A plot of admittance as a function 
of setting of each screw separately would be similar to that shown in 
Fig. 8-39 where the admittance is referred to the plane of the input screw. 
The tuner is followed by a matched load. The compound screws will 
give a greater susceptance variation over a wide band than may be 
obtained with the simple screw tuner whose tuning is illustrated in 
Fig. 8-39. The relative sizes of the inductive and capacitive section of 
the compound screw were determined experimentally for the 9- to 11-cm 
band as described in the last section. It remains to discuss the tuning 
range, over a broad wavelength band, of a pair of these compound 
screws with a fixed separation, that is, one-eighth guide wavelength for 
only one wavelength in the band. The best separation for maximum 
tuning range over a given band may also be determined. 

In Sec. 8-6 it was shown that two susceptive elements capable of 
adding infinite inductive and capacitive shunt susceptance and which 
are spaced an eighth wavelength along a transmission line can tune 
reflections of any phase for which the standing-wave voltage ratio is no 
larger than two. That is, all admittances except those lying within the 
circle of normalized conductance 2 on a Smith chart may be presented 
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or their conjugates matched with such a tuner. This condition holds 
theoretically only for the wavelength at which the tuning elements are 
an eighth of the line wavelength apart. At other wavelengths the maxi¬ 
mum reflection that may be tuned in all phases is smaller than that for 
which the standing-wave ratio is 2 in voltage. 

Very nearly the same result is obtained with general-susceptance 
screws that introduce only limited inductive and capacitive suscept- 



Fig. 8-44.—Theoretical tuning range at midband of double-screw tuner with X„/8 spacing; 
admittance plotted at input screw. 

ances. Figure 8-44 is a plot of the theoretical tuning range of two 
screws with X e /8 spacing which can introduce ±0.7 unit of susceptance. 
Much larger capacitive susceptances are obtainable with actual screws 
but this 0.7 unit of inductive susceptance is about the limit that can be 
obtained with a 2-in. diameter screw at 10 cm. As indicated in Fig. 
8-43, the admittance is referred to the center of the first or input screw 
and the device is assumed to be followed by a matched load. The con¬ 
jugates of all admittances within the shaded area may be matched with 
such a tuner at the wavelength for which the separation is A e /8. The 
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maitimum reflection that may be tuned in all phases is that represented 
by a standing-wave voltage ratio of about 1.9. 

Assuming that the screws can add the same maximum susceptance 
at all wavelengths in a given band, the tuning range over the band may 
be predicted as shown in Fig. 8-45. This plot shows the tunable regions 
of admittance at 9.0 cm (broken curve) and at 11.0 cm (solid curve) 



Fig. 8-45.—Theoretical tuning at 9 and 11 cm of double-screw tuner with X„/8 spacing at 
10 cm; admittance plotted at input screw. 

of a tuner for which the screw separation is X e /8 at 10 cm. Only the 
region enclosed by both curves is tunable over this 20 per cent band. 
The maximum reflection that can be tuned in all phases over the band is 
that for which the standing-wave voltage ratio is 1.55. It is limited by 
the range of the tuner at 9.0 cm. This effect suggests that the proper 
spacing for maximum tuning over the band should be X e /8 not at mid¬ 
band (10 cm) but at a shorter wavelength. Figure 8-46 shows the effect 
of using a screw separation that is one-eighth guide wavelength at 9.0 cm. 
The maximum reflection tunable in all phases over the band is now that 
for which the standing-wave ratio is 1.75 in voltage. It is limited on 
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the low-conductance side of the plot by the range of the tuner at 11.0 cm, 
therefore, the best spacing appears to be one-eighth guide wavelength 
at a somewhat longer wavelength than 9.0 cm. Usually, the exact 
spacing for a maximum tuning range over a given band will depend upon 
the bandwidth and the guide wavelengths involved. 

A comparison of the tuning ranges at 9 and 11 cm for the two differ¬ 
ent spacings of Figs. 8-45 and 8-46 shows, however, that the range of 



Fig. 8-46.—Theoretical tuning at 9 and 11 cm of double-screw tuner with X c /8 spacing at 
9 cm; admittance plotted at input screw. 

tuning at 11 cm is considerably less affected by changes in screw spacing 
than that at 9 cm; hence, little improvement is effected by increasing the 
separation from X„/8 at 9 cm. Thus, to a very good approximation the 
spacing required for a maximum tuning range over a given band is an 
eighth wavelength for the shortest wavelength at which tuning is desired. 

Except at the shortest wavelengths the experimental results obtained 
with actual tuners show somewhat better coverage than that predicted 
in the preceding analysis. The compound screws described here can 
add very large capacitive susceptances, but the maximum inductive 
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susceptance obtainable is about that assumed in the previous discussion. 
The shunt admittance added by these screws in a retracted position, 
however, is not a pure inductive susceptance. The plot of admittance 
as a function of screw setting at a given wavelength departs from the 
curve of unity conductance, as shown in Fig. 8-39, in such a way that it 
increases the maximum reflection that may be tuned in all phases. 



Fig. 8*47.—Experimental tuning at 10.3 cm of double-screw tuner with X 0 /8 spacing at 
10.3 cm wavelength; admittance plotted at input screw. 

Figure 8-47 is the plot of tuning range for an experimental double¬ 
screw tuner of the type described in this section and gives the tuning 
range at 10.3 cm for a screw spacing that is X 0 /8 at this wavelength. It 
is seen that reflections equivalent to a standing-wave voltage ratio of 2 
are tunable in all phases, although neither screw can introduce separately 
more than 0.7 unit of inductive susceptance. 

A plot of the same type at 9 cm for a screw spacing of X 0 /8 at 9 cm 
is given in Fig. 8-48. Here, the tuning range is limited to reflections in 
all phases for which the standing-wave ratio is 1.71 or less in voltage. 
The reasons for this reduced range have not been thoroughly analyzed, 
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but the effect is probably due to interactions between screws. In the 
last section several suggestions are given as to why such effects can occur 
at the shorter wavelengths. 

Figure 8*49 shows the tuning range at 11.1 cm of the same tuner 
(X fl /8 spacing between screws at 9.0 cm). This plot demonstrates the 
conclusion, given in the previous analysis, that the spacing between 



Fig. 8-48.—Experimental tuning at 9 cm of double-screw tuner with X<,/8 spacing for 9 cm; 
admittance plotted at input screw. 

screws Should, usually, be one-eighth guide wavelength for the shortest 
wavelength at which the tuner is to be used. For a reasonable band¬ 
width (about 20 per cent) this spacing allows the maximum of tuning 
at the shortest wavelength and does not appreciably affect the tuning 
range at the long-wavelength end of the band which usually is greater 
than the range at the short-wavelength end. The tuner described here 
Will tune in any phase reflections for which the voltage standing-wave 
ratio is 2 or less from about 9.5 cm to more than 11.1 cm. For certain 
phases, very large reflections may be tuned since these screws can intro¬ 
duce very large capacitive susceptance. 
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Fig. 8-49.—Experimental tuning at 1J.1 cm of double-screw tuner with X^/8 spacing for 
9 cm; admittance plotted at input screw. 

8*16. Phase Shifters. —The importance of phase shifters in certain 
applications has been emphasized in Sec. 8-7. Two simple and effective 
forms of waveguide phase shifters that have found favor are illustrated 
by Figs. 8-50 and 8-51. 
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These two models operate on entirely different principles. The 
simpler principle is that underlying the version shown in Fig. 8*50. 
Long longitudinal slots are cut along the center of the two broad surfaces 
of a rectangular waveguide, each slot being very similar to those used in 
connection with standing-wave measurements. Since there are no trans¬ 
verse currents interrupted by these slots, they do not radiate appreciably. 
If desired, any slight amount of radiation may be suppressed by the outer 
section of rectangular tubing indicated in Fig. 8-50. When the clamp 
indicated in the figure is tightened, the larger dimension a of the wave- 



Fig. 8-51.—Dielectric phase shifter. 


guide cross section is reduced, resulting in a reduction in the cutoff wave¬ 
length and an increase in guide wavelength. The relations are 


A c = 2 a, (8) 



The change in the dimension a is distributed over a long section of line 
that functions as an impedance-matching taper. As the guide wave¬ 
length is increased, the effective electrical length of the whole waveguide 
section is decreased, thus effecting a shift in phase. 

In the phase shifter of Fig. 8-51, the change in guide wavelength is 
brought about by moving a long dielectric slab laterally across the 
interior of the waveguide. The effect on guide wavelength of such a 
slab has been calculated (Vol. 10) theoretically for the case in which the 
slab extends all the way from the top to the bottom wall of the waveguide. 
It seems to be easier to determine experimentally the change in guide 
wavelength caused by motion of the modified slab indicated in Fig. 8-52. 
Qualitatively, it is easy to see that the effect of the dielectric should be 
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much greater when it is in the region of the high electric fields present at 
the center of the waveguide than when it is in the weak fields near the 
side walls. The length of the slab must be great enough to give a com¬ 
plete half-wavelength change in equivalent length as the slab is moved 
from center position to the side wall. 

The slab is supported by means of either two or three rods, spaced 
in such a way that cancelation of reflections is achieved. Two rods of 


equal diameter spaced three- 
quarters of a wavelength apart 
have been used. The wavelength 
to be used is the effective wave¬ 
length for an average position of 
the slab at the midband frequency. 
Alternatively, three rods with 
quarter-wavelength spacing may 
be used. The center rod should 
produce twice as much reflection 



Fig. 8-52. —Section view of dielectric phase 
shifter. 


as the other two in order to achieve a broadband cancelation of reflections. 


For small rods, the reflection coefficient is proportional to d 2 , consequently 


the central rod should have a diameter \/2 times that of the others. 


The ends of the dielectric slab are tapered in the manner indicated in 


Fig. 8-51, the length of the taper being half a wavelength. The wave¬ 
length to be used here is something like the mean between the normal 
guide wavelength and that in the section containing the slab in an average 
position. The double taper shown in 
Fig. 8-53 was found also to give good 
results. It was expected that a 
broader band would result from this 
arrangement, but its superiority over 
the single taper has not been 
established. 

The dielectric that has been found 
to be most satisfactory for the slab 
material is polystyrene or one of the 
Fig. 8-63— Double ^ tapered dielectric new materials of high softening tem¬ 
perature and the same dielectric con¬ 



stant. The plastic materials have the advantages of being easy to machine 
and unlikely to break in use. They have, however, the defect of being 
likely to suffer permanent damage if a spark is permitted to occur in the 
vicinity. Materials such as Mycalex, polyglas, or glass of various types are 
not damaged by sparking, but they are difficult to machine and subject to 
breakage. It is explained in the next paragraph that there is a maximum 
permissible thickness of slab which decreases as the dielectric constant 
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of the slab material is increased. Since glasses in general have high 
dielectric constants, glass slabs must be made thin; lienee, they are fragile. 
It is possible that either Mycalex or polyglas might offer a good compro¬ 
mise in regard to machinability, ruggedness, and arc resistance. 

If the dielectric slab is made too thick, or if the width a of the wave¬ 
guide is too large, more than one waveguide mode may be propagated. 
It has been observed that when this situation exists certain positions of 
the slab lead to a resonant condition. The resonance occurs when the 
effective length of guide section supporting the higher mode has a critical 
value of approximately half a wavelength. High values of dissipative 
loss and high values of input standing-wave voltage ratio result, and 
voltage breakdown is likely to occur. The waveguide normally used at 
wavelengths near 1.25 cm is so wide (a = 0.420 in.) relative to the wave¬ 
lengths used that it is subject to this difficulty. In the construction of 
phase shifters, the width is decreased, by means of a half-wavelength 
taper, to the value indicated in Table 8*1. 

The dimensions and performance characteristics of dielectric phase 
shifters designed for three wavelength regions are given in Table 8-1. 


Table 8-1.— Dimensions of Polystyrene ( k e = 2.56) Phase Shifters 
(Wavelength range for r < 1.10) 



Symbol 

and 

units 

Model I 

X = 1.23 to 
1.27 cm 

Model II 

X = 3.13 to 
3.53 cm 

Model III 

X = 8.5 to 
11.6 cm 

Waveguide dimensions. 

a, in. 

0.350 

0.900 

2.840 


b, in. 

0.170 

0.400 

1.340 

Slab thickness. 

c, in. 

0.075 

0.188 

0.500 

Clearance gap. 

e, in. 

0.020 

0.044 

0.170 

Slab length, including tapers. 

in. 

2 

5 

15 

Diameter of two rods. 

d, in. 

0.030 

0.041 

0.124 

Diameters of central rod, if used.. 

d, in. 

0.042 

0.058 


Rod spacing. 

in. 

0.173 

0.470 

4.426 

Dielectric taper length. 

in. 

0.346 

0.940 

2.050 

Breakdown power. 

kw 

70 

200 

1000 


POWER DIVIDERS 
Coaxial Power Dividers 

8*17. Fixed Coaxial Power Dividers.—When it is desired to send half 
the power into each of two loads, a circuit of the type illustrated in 
Fig. 8-54 may be used. A modification, giving an unequal division of the 
power, is presented in Fig. 8-56. Several alternative circuits have been 
devised, but the ones given here have proved to be most satisfactory. 

The operation of the circuit of Fig. 8-54 is good over a broad band, as 
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shown qualitatively by the following analysis. It may be reasoned that 
the two loads and the stub are effectively in parallel at the junction point. 
Each of the two loads presents the characteristic admittance F 0 of the 
line at the junction point, giving a total load admittance at that point 
of 2F 0 . At midband wavelength, the stub length is adjusted to be effec¬ 
tively a quarter wavelength, consequently it adds zero susceptance. The 




Fig. 8*55.—Admittance transformations in power divider of Fig. 8-64. 

enlargement of the conductor of the quarter-wavelength section of the 
input line, a continuation of the center conductor of the stub, is chosen 
to give a characteristic admittance \/2 F 0 . This section acts as an 
admittance transformer, matching the load admittance 2F 0 to the char¬ 
acteristic admittance Fo of the input line. 

At a wavelength longer than the midband wavelength, the stub is too 
short and adds an inductive (negative) susceptance B, to the load 



518 


TUNERS , POWER DIVIDERS, AND SWITCHES [Sec. 817 


admittance 2F 0 , as indicated in Fig. 8-55. This is desirable, however, 
since at this wavelength the transformer section is also too short. The 
combined action of stub and transformer leads to an input admittance Yi 
that is very close to Fo even at wavelengths longer than the midband 
wavelength, as indicated in Fig. 8-55. Similarly, for shorter wavelengths, 
the stub adds a positive susceptance that combines with the transformer, 
now too long, to give a good match in the input line. 

It is easily shown that for small departures from midband wavelength, 
the susceptance added by the stub is quantitatively equal to that required 
to produce the compensation indicated in Fig. 8-55. For larger depar¬ 
tures from midband wavelength, compensation is no longer exact, but 
it is still good. The dimensions given in Table 8-2 were found to give a 
VSWR below 1.1 for the wavelength range 9 to 11 cm. All dimensions 


Table 8-2.—Dimensions of Poweb Dividers of Fig. 8-54 


Dimension 

Standard line size 

I in. 

l in. 

Stub length Z r . 

1.220 

1.107 

Conductor diameter d . 

0.325 

0.468 

Transformer length It . 

1.110 

1.000 



except the stub length are calculated according to the simple theory 
outlined above. The stub length is then adjusted to give minimum input 

VSWR at midband wavelength. 

The principle of operation of 
the power divider of Fig. 8-56 is 
similar to that of the model shown 
in Fig. 8-54. In order to obtain 
unequal power division, quarter- 
wavelength transformers are in¬ 
serted in the two load lines. The 
characteristic admittances of the 
transformer sections are chosen to 
give the admittances F x and F 2 , 
satisfying the relations 

Fi + F 2 = 2Fo, 

Fi_Pi 
F 2 Pi 



( 10 ) 

( 11 ) 


—Power divider for unequal 
division of power. 


Equation (10) requires the total 
load admittance at the junction to 
be equal to 2Fo just as in the simpler model of Fig. 8-54. The same char- 
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acteristic admittance, \/2 F 0 . is then used for the stub and the input 
transformer whose action, including compensation for wavelength change, 
is just as before. Equation (11) enables the circuit to be designed to 
obtain any desired ratio between the powers Pi and P 2 going to the two 
loads. At midband wavelength both Y i and F 2 are pure conductances, 
and they are in parallel and subject to the same rms voltage V. The 
powers Pi and P 2 going to the two loads are then F 2 Fi and F 2 F 2 , and 
Eq. (11) follows. 

As the wavelength is varied, Fi and F 2 take on susceptive components; 
but their conductive components remain almost constant for wavelength 
variations that are not too large, and the power-division ratio remains 
almost constant. The constancy of the conductance component of 
admittance at the input side of a quarter-wavelength transformer is 
easily demonstrated with the aid of an admittance chart or by means of 
the admittance-transformation equation. It is found also that the signs 
of the susceptance components of Fi and F 2 are opposite; consequently, 
there is a tendency for them to cancel each other. Quantitatively, the 
cancellation is good when Fi and F 2 are nearly equal, but the susceptance 
component of the larger admittance F 2 is always larger. This situation 
leads to a greater frequency sensitivity than that of the simple circuit 
of Fig. 8*54. It is possible to obtain accurate compensation of the fre¬ 
quency sensitivities of the stub, output transformers, and input trans¬ 
former by suitable modification of the design. It is necessary to decrease 
the characteristic admittance of the stub and input transformer by the 
proper amount and make the appropriate change on the right side of 
Eq. (10). In the limit, as Fi approaches zero, a right-angle stub with 
a half-wavelength broadbanding transformer will result. By theory, 
the characteristic admittance of stub and transformers is, in this case, 
1.22 F 0 , which may be compared with 1.41 F 0 in the case of Fig. 8-54. 

8-18. Variable Power Divider. —The purpose of this device is to vary 
at will the ratio between the power delivered to two output lines. At the 
same time, the input impedance remains matched; therefore, no power 
is reflected by the circuit. The theory outlined below applies equally 
well for transmission lines of various types. Both coaxial and waveguide 
versions have been made and found to operate essentially as expected. 

Such power dividers are used to divide a given input power in any 
proportion desired between two operating loads (for example, two 
antennas) or, with a “dummy” load connected to one arm, to achieve an 
attenuator that has a minimum insertion loss of zero and is well matched 
at all attenuations. Although such an attenuator follows a calculable 
law closely, it is rather sensitive to slight frequency changes and hence 
not especially suitable for precision work. 

The principle of operation may be understood by considering the 
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model indicated schematically in Fig. 8-57. The conditions prevailing 
for three different stub lengths will be discussed. 

(1) l c = £X, hence U = £X. I n this case, stub C presents a short 
circuit (Zc = 0orFc = °° ) across the junction ACE. This prevents the 
passage of power into output line A. Since this short circuit occurs £X 



from the input junction GHI, it presents an open circuit across this junc¬ 
tion (Z G = oo or Y a = 0). Thus the output branch G acts as a quarter- 
wavelength stub support, allowing free passage of power from input line I 
into the other branch H. This branch H is matched since the stub 
D (iX long) acts as a normal stub support and permits free passage of 
power into the matched load B. Thus 
the input line I is matched, all the 
power is delivered to load B and none 
to A. 

(2) l c = fX, hence l d = iX. Now 
the stub D short-circuits the load B, 
while the stub C allows free passage 
into load A, since it acts as if it were 
a quarter-wavelength stub support. 
Thus all the power is now delivered to 
load A, none to B, and the input line 
I is matched. 

(3) lc = fX, hence h = fX. Stub 
D is now capacitive and stub C is inductive. These stub susceptances are 
added in shunt with the loads A and B. At the input junction GHI, the 
admittances at E and F have been transformed by the quarter-wavelength 
sections EG and FH in such a way that the inductive effect of one branch 


P a +R=1 



Fig. 8-58.—Division of power vs. 
stub length for the power divider of 
Fig. 8-57. 
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is exactly compensated by the capacitive effect of the other, and the con¬ 
ductances add to give exactly the characteristic admittance of the coaxial 
line. Hence the admittance at the input line I exactly matches the line. 
The power divides equally between output lines A and B, as indicated by 
Fig. 8-58. 

Application of the transmission-line equation shows that, for all values 
of l c , the admittance at the input line I exactly matches the line. The 


fraction of the available power 
delivered to output line A and 
to output line B may be cal¬ 
culated from the equations 

P B = s in? >■ (12) 

'—-(¥)) 

These quantities are plotted 
in Fig. 8-58. 

It should be realized, how¬ 
ever, that a power divider of 
this type presents a matched 
impedance in the input line 
only when the line is the 
branch so indicated in Fig. 
8-57. If power is fed in 
through one of the other 
branches, say branch A, and 
branch B and the branch 
indicated as the input line are 
terminated in matched loads, 
the impedance looking in at 



A will not, in general, be matched. For the setting of the stubs that 


would normally give complete transmission into load A, the imped¬ 


ance looking in the reversed direction mil be matched. For other 


settings of the plungers, a certain amount of mismatch will occur. The 
percentage of the power in the incident wave which is coupled throu gh 
from one branch to another is the same regardless of which branch is 
used as the input one. It is not true, however, that the input impedances 
or standing-wave voltage ratios in the two cases are equal. In the first 
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case all the power of the incident wave not transmitted to load A is 
dissipated in load B, but in the reversed arrangement, the power not 
dissipated in the branch I is partly reflected back along branch A and 
partly dissipated in load B. 

The actual form of the final circuit is that shown in Fig. 8-59. The 
input line is shown in the rear and the two output lines are shown in the 
foreground. The right-angle stubs in the two output lines are like those 
of Fig. 4-31, including undercut transformers. An identical undercut 
transformer occurs in the input line. The two plungers are moved by 
pinioned gears attached to a common shaft. 

It was found necessary in order to obtain an improvement in imped¬ 
ance-matching to alter the length of the two stubs in the input and out¬ 
put branches. The VSWR finally obtained was about 1.1 at the design 
wavelength of 9.1 cm. Power levels of about 500 kw were required to 
cause breakdown. 

The effectiveness of a variable-length stub in short-circuiting either 
one of the output lines is limited by the conductivity of the metals and 
the losses in the plunger. It was found that the maximum attenuation 
obtainable at either output line was limited to about 45 db. 


Waveguide Power Dividers 

8*19. Fixed Power Divider. 1 —Fixed waveguide power dividers of 
two types have been developed, the Y and the T, so-called because of 
their shape. The principle of operation of the Y-shaped power divider 
is simple. A rectangular waveguide carrying power in the TEJio-mode 
is illustrated in Fig. 8*60a; a thin conducting plate may be inserted across 
the waveguide, perpendicular to the electric field, as in Fig. 8*606. The 
introduction of this plate does not change the fields inside the waveguide, 
nor does it change the currents in the walls; consequently, the input 
impedance relations undergo no change when the partition is put in. 
Since the field is uniform in the ^-direction, the voltage across the wave¬ 
guide will be divided between the two branch waveguides in the ratio 
of Vt/Vx = Eb^/Ebi = 62 / 61 . In addition, the currents in the two 
branches are equal to each other and to the currents in the main wave¬ 
guide. The two branches are, therefore, in series with the main wave¬ 
guide, and the power transmitted through the two branch waveguides 
will be in the ratio of their heights. This waveguide circuit is then a 
power divider. 

This power divider in its simplest form would not be convenient, since 

1 Contributions to Secs. 8-19 and 8-20 were made by F. T. Worrell. 
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each branch, having a height less than the height of the waveguide, has 
an impedance different from the impedance of the main waveguide. 
This simple version should be modified by tapering each branch into a 
waveguide of standard size, as shown in Fig. 8-60c. In practice, it is 
found convenient to have the two branch waveguides separated from one 



another, rather than joined by a common wall, and a further modifica¬ 
tion that results in the Y-shaped power divider is made as in Fig. 8-60d. 

Models have been designed, as indicated in Fig. 8-61 and Table 8-3, 
for the 3-cm and 10-cm regions. All are for an equal division of power, 
although models can be designed for some other ratio of power divi¬ 
sion, if desired. It should be noted that the critical dimensions in each 


Table 8-3.— Design Parameters for the Power Dividers of Fig. 8-61 


Band for 
VSWR 
= 1.07 

a, in. 

6, in. 

c, in. 

dj in. 

e, in. 

6 

10.0-11.1 

2.840 

1.340 

0.562 

I 

0.080 

11° 31' 

8.5-11.5 

2.840 

1.340 

0.9375 

if 

0.080 

7° 6' 

3.1- 3.4 

0.900 

0.400 

0.200 

i 

0.050 

13° 14' 

3.1- 3.4 

0.900 

0.400 

0.230 


0.050 

7° 3' 
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case are the angle of the Y, which determines the length of the taper, and 
the position of the leading edge of the vane. These dimensions were both 
determined experimentally. The 10-cm model has been tested on high 
power; it did not break down at the maximum available power of 1.1 Mw. 


Reel, brass tubing 



Fig. 8-61. —Waveguide power divider, fixed Y-type. 


It is probable that a power divider of this type will handle almost as 
much power as the waveguide itself. 

Another possible form of fixed power divider makes use of a series¬ 
branching T-junction, as in Fig. 8-62. If power is fed into arm A, it 
will divide equally between arms B and C. If the three branches are all 
waveguides of the same size, however, there will be a considerable mis- 



Fig. 8-62. —A T-type power divider. Fig. 8-63. —Power divider, modified T- 
Arrows represent electric fields. type. Arrows represent electric fields. 


match consisting, in part, of the mismatch due to the junction effect, and, 
in part, of the mismatch due to the load of impedance 2 Z 0 terminating a 
waveguide of impedance Z 0 . In practice it has been found difficult to 
match such a power divider over any reasonably large wavelength band. 
There are a number of ways in which this frequency sensitivity could be 
reduced. One way that might succeed would be to use the T of Fig. 8-63, 
a series-branching T, in which the output branches are half the height 


Sec. 8-20] 


VARIABLE POWER DIVIDERS 


525 


of the input branch, with, therefore, half the characteristic impedance. 
Then, only the junction effect would be left to match. Again, the height 
of the output branches could be set at some other value found experi¬ 
mentally, to correct partially the junction effect. In either case, the 
output branches would have to be 
tapered up to full size, and the result 
would not be a particularly simple 
arrangement. In addition, because of 
the sharp comers, it probably could not 
handle as much power as the Y-type. 

The power divider just discussed 
used a series-branching, or F-plane 
T. An #-plane T might be used, but 
it would probably be more frequency- 
sensitive than the F-plane T. It 
would have the advantage, however, 
of handling higher powers. 

If the geometric arrangement of the T is preferable to that of the Y, 
the latter can be modified to get a T that is almost as compact as a simple 
T, and that has the broadband characteristics of the Y. This design is 

illustrated in Fig. 8-64. It can be 
seen that this design uses a Y-type 
power divider the branches of 
which have mitered angles placed 
as close as possible to the divider. 
A dimensioned drawing is shown 
in Fig. 8-65. The input VSWR is 
below 1.1 over the wavelength 
band 3.15 cm to 3.65 cm. This 
power divider has been tested at 
pulse powers up to 225 kw, 1-jusec 
pulse duration, 1000 pps, without 
breakdown. 

8*20. Variable Power Dividers. 

A simple variable power divider 
can be made using a Y-junction 
with the dividing partition hinged 
at one end as shown in Fig. 8-66. 
Such a power divider should be 
well matched over a broad band, since it is derived from a broadband fixed 
power divider. The power divides between the two output branches in the 
ratio of the heights b t and 6 2 , just as in the related fixed power divider of 
Sec. 849. Some work was done on such a power divider, but it was not 



Flo. 8-65.—Power divider for use at wave¬ 
lengths between 3.15 cm and 3.65 cm. 



Fio. 8-64.—A Y-type poww divider 
with T-shape. 
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carried through to completion. A model designed for a wavelength of 
10.5 cm was tested at various wavelengths and found to have a nm,Yimum 
standing-wave voltage ratio of about 1.25 for all adjustments over the 
band from 8.2 to 11.5 cm. This model was not well constructed; as a 
result the data are not particularly meaningful. Better performance 

could probably be obtained from 
a well-built model. One trouble¬ 
some feature was the design of a 
capacitance joint to connect the 
moving partition to the waveguide 
walls. The j oint on the one model 
that was made gave trouble with 
r-f leakage and was not considered 
satisfactory. 

A more successful power 
divider, although probably not so 
good intrinsically as the Y-type 
power divider, is the waveguide 
version of the coaxial-line power divider. An idealized model of such a 
power divider is shown in Fig. 8-67. Power enters arm A, arms B and C 
are connected to the two loads between which the power is to be divided. 
Arms D and E , each a quarter guide wavelength from A, have plungers 
riding in them. The plungers are ganged and are set a quarter guide 
wavelength apart vertically. 

As was shown in the discussion 
of the coaxial-line power divider, if 
the T-junctions are all ideal the 
power divider will be matched at all 
settings of the ganged plungers. 

But the waveguide T-junctions are 
not ideal; hence an equivalent cir¬ 
cuit (Vol. 10) including a junction 
effect must be used in the analysis. 

Therefore, as the plunger in arm D is 
moved, instead of an impedance of 
1+j tan pl being seen at the junc¬ 
tion of arm D with the main line, 
an impedance that differs from this 
value is seen because of the effect of the junction. A similar effect occurs 
at arm E. Thus, as the ganged plungers are moved, the impedance seen 
looking into the power divider will vary approximately as shown in 
Curve a of Fig. 8-68. This circle will close on itself when the plungers 
have moved a quarter wavelength from their starting position, since the 



divider. 



Fig. 8-66.—A Y-junction variable power 
divider with hinged partition. 
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power divider then looks the same as in the beginning. The center of 
the curve is displaced from the center of the chart, since the junction of A 
with the main line also is nonideal. If, then, a matching iris is placed 
in the input arm, the impedance of the power divider as a function of 
plunger position will be a circle about the center of the chart. 

This nonideal behavior can be compensated by putting in a matching 
element that makes the junction behave like an ideal one. The matching 



Fig. 8-68.—Input admittance of power divider as plungers are moved. Reference 
point is 0.16 X„ on input side of junction and X = 3.2 cm. (a) no irises in stubs; (6) irises 
in stubs; (c) iris also in input. 

iris that is used is the same one used in matching a series-branching T. 
When this iris was used in arms D and E, the impedance of the power 
divider no longer varied as Curve a of Fig. 8-68 but was fairly constant as 
in Curve b. Since the junction of A with the main guide is nonideal, a 
matching iris is required there also. When this iris is inserted. Curve c 
of Fig. 8-68 results. 

This power divider is frequency-sensitive, as might be expected from 
the design which includes several rather long stubs. One power divider 
has been designed for a wavelength of 3.20 cm. In the wavelength band 
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from 3.17 to 3.23 cm, the maximum standing-wave voltage ratio is 1.20. 
The power-division ratio is limited by the loss in the stubs and the plung¬ 
ers; the maximum ratio obtainable with this divider is about 35 db. 

This basic design of power divider for waveguide has been modified, 
as was the coaxial-line version, by putting a gas switch on one of the 
plunger arms. The tube is arranged to be ineffective at high-power 
levels, allowing the power divider to attenuate the transmitted signal. 
At low power, the switching tube is effective in reducing the attenuation 
of the low-level signal. An additional problem arose in the design of 
this model. It was discovered, when making standmg-wave measure¬ 
ments on the first experimental model, that the plot of standing-wave ratio 
as a function of plunger position was a circle that closed only after a 
plunger motion of one-half wavelength. This effect was similar to that 
caused by the plungers being improperly set relative to one another. Since 
the plungers had been set accurately a quarter wavelength apart, the 
trouble was thought to be caused by an abnormally large phase shift intro¬ 
duced by the T-junction to which the gas switch was attached. This was 
found to be the case; and, when the distance between the plungers was 
changed to compensate for this effect, the performance was the same as in 
the simple power divider. 


SWITCHES 

8*21. Coaxial-line Switches.—The variable power divider described 
in Sec. 8-18 may be used as a coaxial-line switch by moving the pair of 
short-circuiting plungers between the two positions corresponding to full 
power transmission first into one load and then into the other. Such 
a switch would carry about as much power as the normal stub-supported 
line of which it is composed, and it would be well matched even during 
the switching process. 

For certain applications it is desired to have a switch that is more 
compact, lighter in weight, simpler to build, and faster in switching. In 
many of these applications the problem is simplified by the fact that the 
switch is not required to operate at high power levels, and usually the 
mismatch during switching is of no consequence. 

A switch that possesses all these desirable characteristics, but which 
is limited to low power levels and is not matched during switching, is 
shown in Fig. 8-69. It was designed for use at wavelengths around 
10 cm, but there is nothing in the design which makes it unsuitable for 
other wavelengths. The switch was designed for laboratory test work, 
so it is equipped with type-N connectors, the connector most frequently 
used on coaxial test cables. Switching is accomplished by shifting the 
connection of the center conductor from one output line to the other. 
The center conductor of the input line is pressed, by an internal spring, 
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against the movable section of the center conductor; thus good electrical 
contact is maintained. The center-conductor section is moved by means 





Fig. 8-69.—R-f switch, shown in off position. The horizontal pin in the center may be slid 
right or left to complete the circuit to either one of the two output lines. 

of dielectric pins attached, through a slot, to an external carriage moving 


on ways. Each end of this section 
is fitted with a pin that plugs alter¬ 
nately into one or the other of the 
slotted-finger receptacles in the 
two output lines. 

The number of switches of this 
type which have been made is 
insufficient to give an accurate 
figure for the input VSWR that 
can be expected in production. 
Indications are that the value is 
probably about 1.5 at a wave¬ 
length of 10 cm. Although this 
figure is acceptable for many appli¬ 
cations, it is not very good. The 
high mismatch is probably caused 
by a combination of connector 
mismatches and mismatch at the 
right angle formed at the center of 
the switch. 

A switch of another type suita¬ 
ble for similar applications is that 
of Fig. 8-70. The design repre¬ 



sents a variation on a switch developed at Radio Research Laboratory 
at Harvard, which is a six-way switch, type number M2415. Type-N 
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connectors are again used, but the principle of operation is different. 
The input line is at the top of the figure, coaxial with the hexagonal 
block forming the body of the switch. The coaxial-line elbow inside 
the body is rotated by means of the shaft indicated in the lower 
part of the figure. The upper end of the elbow is connected to the 
input line, but the output end may be rotated to either of the two 
output lines shown. With the hexagonal block, as many as six output 
lines could be used. The center conductor of the elbow makes contact 
with the input line by means of a slotted tip inserted into a hole in the 
input center conductor. The connection to the center conductor of the 
output line is made by a projecting blade that is squeezed between two 
open fingers of the center conductor of the output line. The outer con¬ 
ductor of the elbow makes contact by a rotating machined fit. Contact 
with the output lines is furnished by a coaxial sleeve that is pressed, by 
the spring shown, against the cylindrical inner surface of the hollow body. 
One end of the sleeve is rounded to fit this cylindrical surface, and the 
other end is slotted to form fingers that contact the outer conductor 
of the main part of the elbow. Of course, it is necessary to allow for the 
passage of the two fingers of the center conductor of the output fine 
as the elbow is rotated. This is accomplished by cutting a wide hori¬ 
zontal slot through the end of the sleeve and through the end of the 
dielectric filling the line within the sleeve. 

The first group of switches made according to this design gave an 
average VSWR of about 1.5 to 2.0. It was felt that this was partly 
caused by mismatches in the connectors and in the elbow angle, but 
principally by the relatively large cutaway section for allowing passage 
of the center conductor of the output line. As an expedient, the imped¬ 
ance transformation resulting from drilling away a large part of the 
dielectric within the entire length of the elbow section was tried. Four 
holes of 0.120-in. diameter were drilled parallel to the center conductor, 
removing most of the dielectric material. It was found that this trans¬ 
formation decreased the VSWR to an acceptable value. A switch of this 
type, mounted on a box containing a relay, is shown on the left in Fig. 8-72. 

Two other modifications were found also to be desirable: 

1. Trouble was experienced from “freezing” of the metallic contacts 
in the rotating machined fit at the input end of the elbow, so the 
closeness of the fit was relaxed and a thin washer of poly-F dielec¬ 
tric was inserted as a spacer. This material is ideal for the pur¬ 
pose, being tough yet smooth and slippery. The low capacitance 
across the washer gives adequate coupling of the outer conductors. 

2 . The coupling to the outer conductor of the output lines was also 
made capacitive by removing the spring and soldering the sleeve in 
place to leave a gap of from 0.005 to 0.010 in. between the sleeve 
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and the cylindrical inner surface of the body. Actually, the sleeve 
was rebuilt, omitting the slotted fingers and increasing the diam¬ 
eter of the output end to give maximum coupling capacity. Five 
switches, incorporating these two modifications and having the 
holes drilled in the dielectric, gave a VSWR below 1.2 at a wave¬ 
length of 10 cm and below 1.3 at 9 cm and 11 cm. Operation was 
satisfactory from —50° to +75°C. 

Neither of these switches is capable of the extremely fast switching 
that is sometimes required. It is frequently desired, in certain rapid¬ 
scanning devices, to switch alternately between two antennas at rates 
measured in hundreds or thousands of switching cycles per minute. 



The power levels required are also beyond the capabilities of the two 
switches just described. Attempts have been made to design a coaxial¬ 
line switch capable of fulfilling these requirements, but none of these 
efforts has met with any noteworthy success. It may be remarked, 
however, that these unsuccessful attempts were made some time ago 
and it may be that a determined attack on the problem using present 
knowledge and techniques would prove more fruitful. 

One of the more promising early switches bore a resemblance to the 
variable power divider that was developed somewhat later. A combi¬ 
nation of some of the principles of this early switch with the power 
divider of Fig. 8-57 is represented schematically in Fig. 8-71. The two 
stub branches are cut to permit the two “choppers” Ci and Ca to short- 
circuit the line giving a stub length h, equivalent to a quarter wave¬ 
length. 
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A radial capacitance-coupling section is used on the outer conductor. 
The choke sections would have to be folded under as indicated in order 
to make them a full quarter wavelength long for suppressing leakage of 
power. The diameter d is made as large as possible in order to get 
maximum capacity in the coupling. Unfortunately, there is not sufficient 
room for a full quarter wavelength of radial line. The gap g is made as 
small as is practical—perhaps 0.010 in. or less. Looking at the stub 
on the left, appreciable capacitive reactance will appear in the capacitance 
couplings of both inner and outer conductors. This may be compen¬ 
sated by proper adjustment of h in design. The capacitive reactance is 



Fig. 8-72.— R-f switches. 


still larger in both conductors when the copper sheet is removed, as on 
the right. This reactance is not serious, since it is in series with a very 
high reactance caused by the short-circuiting plunger, about a quarter 
wavelength away. Any slight effect may be compensated by adjustment 
of Z 2 . 

The action of the switch is as follows: The two chopper sheets ci and 
c a are essentially half disks mounted on shafts Si and S z . The shafts 
are rotated in synchronism in such a way that when one stub is short- 
circuited by its chopper the other is not. In the condition shown, the 
left stub is short-circuited and acts as a quarter-wavelength stub, allow¬ 
ing power to go past it to the load on the left. The right stub is short- 
circuited by the movable plunger at a length U equivalent to a half 
wavelength. Just as in the power divider, this short-circuits the right 
load cutting off its power. Since this short circuit appears a quarter 
wavelength from the input junction, the input power is permitted to flow 
out to the left load. 
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The original switch was essentially of this type, but the upper lines 
containing plungers were omitted. Trouble was experienced with break¬ 
down at moderate power levels, hence rounding of sharp corners is 
advisable. Care must be exercised to ascertain that both loads are 
never short-circuited at the same time. That is, the choppers should be 
slightly more than half a disk with the result that dining switching, power 
is delivered to both loads for an instant, and the condition in which 
neither load can dissipate the input power is avoided. 

If such a switch does not give satisfactory performance, recourse 
may be had to the use of a waveguide switch. This alternative would 
involve transitions from coaxial lines to waveguide, but it is probable 
that the simplicity and high-power capabilities of waveguide switches 
would more than compensate for the necessity of using transitions. 

8-22. Waveguide Switches. 1 —The simple T-switch is basically a 
T-junction such as the one shown in Fig. 8-62 with the input line at A, 



Fig. 8-73.—A T-type waveguide switch. 


and the two loads between which power is to be switched at B and C. 
Some mechanical arrangement is used that alternately puts a short 
circuit in branch B, sending power into C, and then in branch C, sending 
power into B. The short circuits are so located that reflectionless trans¬ 
mission occurs around the corner when the T-switch is properly matched 
by an iris in A. 

Several such switches have been designed at 3 and 10 cm for switch¬ 
ing power from one antenna to another. One design is shown in Fig. 
8-73. In this model there are, in the output branches, two choke-flange 
junctions with the choke on the input side of the junction separated 
from the flange just enough to allow a metal “chopper” plate to move 
in and out. The length S of the short-circuited branch and the dimen¬ 
sions of the input matching iris may be determined by experiment or may 

1 Contributions to Sec. 8-22 were made by F. T. Worrell. 
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be taken from data reported elsewhere (Vol. 10). The two choppers are 
mounted in such a way that when one is between its choke and flange 
the other one is removed from its choke and flange; thus power is allowed 
to go through the open junction. The choppers may be sections of disks 
mounted on a common shaft. They should short-circuit the respective 
branches somewhat less than 180° of rotation in order to avoid both 
loads being cut off at the same time. An alternative design differs from 
this version in having the comers of the junction rounded to reduce the 
likelihood of power breakdown. 



The British have also made a switch of this type. It differs in that 
the waveguide narrows down in the switch, as shown in Fig. 8-74, and 
uses a British choke like the one discussed in See. 4-10. The chopper 
consists of sector disks with 36° sectors. Since the waveguide height is 
so small, the switching can be done rapidly; as a matter of fact, this 
switch was designed to switch power from one antenna to another and 
back on alternate pulses. 

A waveguide switch that will switch power into any one of three 
circuits is presented in Fig. 8-75. The power applied to A may be 
switched into B, C, or D. Short-circuiting is accomplished by means of 
resonant rings, one in each output branch. The matching irises, required 
for matching around the comer into branch B or C, are inserted in these 
branches rather than in the input line where they would affect straight- 
through transmission into branch D. 

This switch is of interest because it is the only one of American design 
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to use resonant rings as the short-circuit devices. The ring used is 
shown in Fig. 8-76. The shape of the ring, which is different from the 
simple rectangular resonant ring normally used in rectangular wave¬ 
guide, is such that the impedance 
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of the ring is relatively insensitive 
to frequency changes. A ring is 
desired which will be as good a 
short circuit as possible over a 
large frequency band when its 
plane is perpendicular to the longi¬ 
tudinal axis of the waveguide. 

Actually, a small amount of power 
leaks past the ring. The amount 
of power leaking past the ring is 
61 db down from incident power 
level at midband wavelength, 9.1 
cm and 30 db down at the edges 
of a 7 per cent band. The rings 
are made of ^-in. duraluminum 
stock, and all edges are rounded 
to reduce tendency to spark. 

They are rotated by motors with 
stopping pins inserted in the 
mount. Switching may be accomplished in about 0.03 sec. 


/0.080 wall 


1-2.781' ■* 
-4.623'—< J 


C QL J ( 

JU-ui 


ij—2.781*1 

W—4.623^—1 


Fig. 8*75.—Views of three-way switch. 

In the 

switching cycle, the new branch is opened before the old one is closed 
to avoid complete reflection of input power. The VSWR during switching 

has a maximum value of about 2.7. 
Sparking occurs at an undeter¬ 
mined point, probably in the re¬ 
sonant ring, at a power of about 
200 kw. 

A special two-way switch has 
been designed for switching 3.2-cm 
power alternately into the two 
ends of a linear antenna array. In 
Fig. 8-77 is a schematic diagram 
showing the switch that was 
developed cooperatively by Radia¬ 
tion Laboratory and Bell Tele¬ 
phone Laboratory. 1 When the 
switch is in the position shown, power coming in arm C is switched 
to B, then through the antenna, from which most, but not all, goes 
1 Drawings and data on final design supplied by C. N. Nebel of BTL. 
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out into space. The power that is not radiated, amounting to some 
10 per cent, comes back in arm A and into an absorbing load in arm D. 
When the switch is thrown the other way, the power goes into A, through 
the antenna, back into B, and then into the load at D. The ratio of the 
power delivered into branches A and B (i.e., the discrimination factor for 



Fig. 8-77.—Two-way r-f switch. 


one switch position) is about 40 to 50 db, on the average. The VSWR 
observed on one representative switch was below 1.02 over the frequency 
range 9320 to 9400 Mc/sec, rising to 1.04 at 9430 Mc/sec. Transmission 
loss through the switch was about 0.1 db. At a pressure corresponding 
to an altitude of 50,000 ft, breakdown occurred at about 50 kw pulse 
power on the average. 



Fig. 8-78.—A Y-switch with short-circuiting pins. 


Junctions that are Y-shaped with 120° between arms have been found 
to have properties that make them desirable for switching applications. 
In particular, if a short circuit is placed close to the junction in one output 
branch, power will be transmitted around the comer into the other 
branch with only a small reflection over a broad band of wavelengths. 
This property has been used to advantage in the switch shown in Fig. 













538 


TUNERS, POWER DIVIDERS, AND SWITCHES [Sec. 8-22 

8-78. The short circuit is provided by a rod that is inserted to within 
0.012 in. of the bottom of the waveguide. The power leaking past this 
rod is 55 db below that transmitted into the other branch. Breakdown 
occurred at about 10 kw pulse power when the switch was operated while 
the power was applied. 

A Y-switch using a resonant ring has been designed by the British. 1 
This switch, which is shown in Fig. 8-79, is designed for a wavelength 



of 3.2 cm, and uses the British waveguide 1- by £-in. ID. The standing- 
wave voltage ratio is less than 1.06 over a band whose total width is 
6 per cent. The discrimination between the two output branches is 
better than 25 db over this band. The switch has transmitted 20 kw 
at pressures down to 5 in. of mercury. 

A switch of a different type is that operating on a rotary principle. 
One such switch that has been developed is based on a 3-cm FJo-mode 
rotary joint. A schematic drawing of such a switch is shown in Fig. 8-80. 
Power is introduced at A through a standard £Vtransition into the rotary 
section. The transition back to rectangular waveguide has four branches, 
B, C, D, and E. In the application for which this switch was designed 
each of these four arms was fastened to a horn antenna feed. As the 

1 W. D. Allen, “Resonant Rings and Ring Switches in Waveguides,” TRE Report 
G-10/R137/WDA, Feb. 19,1943. 
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joint rotated, each feed in turn swept past the throat of a folded horn 
antenna. The switching arrangement, not shown in this figure, short- 
circuited the three arms which were not transmitting power into the 
antenna. 

The switching system is shown in Fig. 8-81. Each arm is broken at 
a certain place by an open choke-flange coupling in which the faces 
of the choke and flange are cut to a radius r. Fitting in between these 
open junctions is a stationary metal cylinder with an aperture. As the 
switch rotates, each arm in succession will carry power to the antenna 
while the others are short-circuited. The radius of the cylinder is so 
chosen that power is transmitted through the switch with minimum 
reflection. The chokes in the open junction are standard chokes that 
have been turned down as indicated to get a well-matched open junction. 
The aperture in the cylinder must be chosen carefully to afford the small¬ 
est possible impedance variation during switching. The aperture found 
to be best is 105°. 

The standing-wave ratio during switching is fairly low, a VSWR of 
slightly over 2, and the change in standing-wave ratio takes place in 
such a way that the phase is fairly constant. This is found to be desirable 
to avoid excessive frequency-pulling of the magnetron. A switch of 
this type performs well over a relatively narrow band of wavelengths, a 
total band width of about 1 per cent being all that may be expected. 
Powers of about 100 kw may be used. 

A switch of this type, designed for a wavelength of 1.25 cm, is shown 
on the right in Fig. 8-72. 



CHAPTER 9 

THE THEORY OF MICROWAVE FILTERS 


By R. M. Fano and A. W. Lawson 

Filters are passive networks which selectively transmit waves of 
different frequencies. The design of such networks consists in the 
appropriate choice and arrangement of circuit components to obtain 
specified frequency characteristics. Methods for designing networks 
consisting of inductances, capacitances, and resistances have been highly 
developed. When microwave components are used, however, the exist¬ 
ing low-frequency methods of design are no longer directly applicable. 
The proper solution of the design problem at ultrahigh frequencies 
would be the development of a new design method which would use 
microwave components as building blocks. The development of such a 
design method, however, presents mathematical difficulties which have 
not yet been overcome. Under these circumstances, it is natural to 
inquire whether microwave components could be used to approximate 
the behavior of lumped elements over a limited frequency band. If so, 
it would then be possible to obtain microwave filters from low-frequency 
filters by the simple process of substituting for the lumped elements the 
corresponding microwave components. Fortunately, such a design pro¬ 
cedure is feasible in most practical cases, and a variety of microwave 
filters have been successfully designed in this manner. 

In the light of the foregoing discussion, the subject of microwave 
filter design can be divided into two parts; namely, the design of lumped- 
element filters with prescribed electrical characteristics, and the trans¬ 
formation of these filters into microwave structures having approximately 
the same characteristics over a specified range of frequencies. 

The present chapter deals with the first part of the problem, that is, 
the design of lumped-element filters. Since a complete treatment of this 
subject would require at least an entire volume, this chapter represents 
a compromise. The authors have tried to present enough basic material 
to permit the reader not familiar with network theory to understand 
and profitably apply the simpler methods of design. On the other 
hand, it has been considered worth while to include more refined d esig n 
procedures developed in recent years because they are not presented in 
any book available at this time. A good underst anding of these pro¬ 
cedures, however, requires a certain familiarity with network theory, 
540 
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which for the sake of brevity is not discussed here. For a detailed dis¬ 
cussion of this subject, the reader is referred to Vol. 2, Communication 
Networks, by E. A. Guillemin, and to Network Analysis and Feedback 
Amplifiers, by H. W. Bode. 1 In this connection, it should be pointed 
out that some network theorems, as for example the reciprocity theorem, 
apply to microwave networks as well as to lumped-element networks. 
Other theorems, however, have been proved only in the case of lumped 
elements although they are generally believed to apply to microwave 
networks also. For a discussion of the extension of network theorems 
to distributed-constant systems, the reader is referred to Vol. 8, Chap. 5, 
of this series. 

Chapter 10 deals with the approximate transformation of lumped- 
element structures into microwave structures and with the realization 
of microwave filters in practical forms. Since filters are needed at 
microwave frequencies for the same purposes and reasons as at lower 
frequencies, the transformation of lumped-element structures provides 
an adequate variety of filter characteristics. However, one important 
practical difference exists. At low frequencies, low-noise amplifiers may 
be used to supply power lost in dissipative filters; at microwave fre¬ 
quencies, no satisfactory amplifiers have been built to date. Conse¬ 
quently, dissipative filters have not been studied, and all the filters 
described below provide frequency discrimination by selective reflection; 
any resistive loss is purely incidental and represents an unavoidable 
design hazard. 


MATHEMATICAL REPRESENTATION 
OF TWO-TERMINAL-PAIR NETWORKS 

9-1. Parameters Specifying Two-terminal-pair Networks. —The sim¬ 
plest type of filter consists of a network with a pair of input terminals 
and a pair of output terminals. It is customary to 
refer to such a network as a four-terminal network 
or a two-terminal-pair network. Filters with more 
than two pairs of terminals can be designed by 
properly connecting a number of filters of the sim¬ 
plest type. It seems appropriate, therefore, to 
focus our attention on two-terminal-pair networks and, in particular, on 
the mathematical representation of their external characteristics. 

A two-terminal-pair network is illustrated schematically in Fig. 9-1 
as a box with two pairs of terminals. The network inside the box is 
assumed to be linear and passive but may be completely arbitrary in 

1 See, for example, references 5 and 1 of the bibliography at the end of the chapter. 
Numeral superscripts in the text refer to the corresponding numbered reference of the 
bibliography. 



Fig. 91.—A two-ter- 
minal-pair network. 
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all other respects. The external behavior of the network can thus be 
expressed by means of any two linear relations involving the variables 
Vi, V Sf 7i, Is. Six pairs of such relations can be written expressing any 
two of these variables as functions of the other two. Only three of 
these six pairs, however, are sufficiently important in practice to deserve 
special attention. 

The first pair of relations is obtained by expressing the voltages 
Vi and Vs as functions of the currents Ii and Is. 

Vi = Zuli + Zisli, 1 

Vs = Zsih + Zs2h. ( K } 

One usually refers to the coefficients Zu, Zv&, Zsi, Zsz as the “open-circuit 
impedances.” In fact, if the output terminals are open-circuited, that is, 
if Is = 0, one obtains 

Zu = (£)„-, 

Similarly one obtains for I x = 0, 

According to the reciprocity theorem, which states that if, in any linear 
passive network, the positions of a voltage source V and an ammeter 
measuring a current 7 are interchanged, the ratio V/I remains the same, 
the two open-circuit transfer impedances Zis and Zsi defined above are 
always equal. Consequently, an arbitrary two-terminal-pair network is 
completely specified by only three open-circuit impedances. 

The second pair of linear relations can be obtained by expressing the 
currents I x and Is as functions of the voltages V x and Vs as follows: 

h = Y n V i + Y l sVs, \ m 

U = Ys iFi + F 22 F 2 . ) ^ } 

The coefficients Fn, Yis, Ysi, F 22 are called the “short-circuit admit¬ 
tances” because they can be defined as follows: 

w 

- teL- (6) 

As in the previous case, the short-circuit transfer admittances F« and 
F 2 i are always equal because of the reciprocity theorem. Therefore, as 
one would expect, three short-circuit admittances are sufficient to specify 
any arbitrary two-terminal-pair network. 



Zzi - ®L- (2) 

Zu “ (3) 
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By solving the pair of Eqs. (4) for Fi and F 2 and comparing the 
results with the pair of Eqs. (1), the following identifications can be 
made: 


Zvl 


_ Y s , 
det Y’ 


Z 12 = Z 21 = 


7 Y n 
Z22 = detT’ 
Y 12 

det F' 


(7) 


where det F is the value of the determinant 


det Y = |y" j,“| = YuY,, - r? 2 . (8) 

Following the opposite procedure, one obtains 


V _ ^22 F _ Z n ) 
Fl1 “ det Z’ “ det Z’ I 

Y “ = Y " = -a^z’ ) 


where det Z is the value of the determinant 


(9) 


det Z = |“| = Z U Z S! - Z%. 

From these equations, one obtains 

det Z = 1/det F. 


( 10 ) 


(ID 


The third pair of linear relations expresses the variables at the input 
terminals Fi, h, as functions of the variables at the output terminals 

V* h, 


Fx = av 2 - <&h, \ 
h = ev 2 - sd h. j 


( 12 ) 


The coefficients ft, (B, 6, 3D are called the “general circuit parameters" 
and can be defined as follows: 



ft and 3D are dimensionless transfer ratios, whereas (B and 6 have, respec¬ 
tively, the dimensions of impedance and of admittance. These circuit 
parameters are related to the open-circuit impedances and to the short- 
circuit admittances as follows: 
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*»-s- 

*■-1 

(14) 

*>-! 

F “ - ~i’ 

y ® 

Yss 

(15) 




(16) 

Yss 

/n _ 

_1_ _ det Z } 

I 

T12 

7 ’ ® “ 

■^12 

T 18 Z 12 ( 

(17) 

det T 


Tn Z 22 1 

Tl 8 

T 12 Z 18* J 

1 


where 

|e 2( * - «c = i. (18) 

The last relation states that only three of the four circuit parameters 
are independent, as one would expect as a result of the reciprocity 
theorem. 

In the particular case of symmetrical networks, that is, of networks 
whose input and output terminals cannot be distinguished by means of 
external measurements, the parameters necessary to specify a two- 
terminal-pair network reduce to two. One has, in fact, 

Tii — T 22j Zu — Zzz, Ct = SD. (19) 

Reciprocal impedance networks represent another special case in which 
the number of independent parameters is two. These networks are 
characterized by the property 

ffi = C (20) 

from which one obtains, using Eqs. (16) and (17), 

det T — det Z = 1, Zn = —T 12 , 

Til = Zm, Zn — T 22- 

It will be seen later that most practical filters are either symmetrical 
networks, or reciprocal impedance networks. 

9*2. The Use of Matrices in Circuit Analysis. —The linear relations 
between the current and voltage variables of a two-terminal-pair net¬ 
work can be written in matrix form as follows: 
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These three matrix equations may be considered as shorthand represen¬ 
tations of the three pairs of relations, Eqs. (1), (4), and (12). Such 
representations are very convenient when a number of two-terminal-pair 
networks are to be connected in series, parallel, or cascade. 

For the convenience of the reader not familiar with matrix algebra, 
four fundamental operations on four-element matrices are defined below 


A + B = 

[Aw AibI , (Bn 
(Abi Asa) 

Bia) 

Baa) 

(An + Bn A 
(A 21 + Bn A 

12 + £12] 
li + Bny 

(25) 

A X B = 

(An Aib) v (Bn 

U*1 l** 

Bn) 

Bn) 




- 

(AuBii + AiaBn 

(Abi-Bii + A at B ai 

AnBia 

AaiBia 

+ A1E-B32I 
+ AaaBaa) 


(26) 


kA -* (t 

t) - 1 

\kAn M12) 
[kAai kAny 


(27) 


11 

T_ 

11 

k 

Ab 2 — Aei 

det A det A 
~Ai2 An 

det A det A 

’ 

(28) 


det A = 7 1 
[An 


11A22 ~ A12A21. 

(29) 

The reader will notice that 






AXB^BXA. 


(30) 


A matrix consisting of a single column may be considered as a square 
matrix in which the elements of r M 

the second column are equal to 7 *-AJJ? 

zero. The reader can convince him¬ 
self that, on the basis of the above 
definitions, Eqs. (22), (23), and (24) 
are identical to the pairs of linear 
relations Eqs. (1), (4), and (12). 

Suppose now one wishes to 
study the behavior of two net¬ 
works connected in parallel as 

shown in Fig. 9-2. One obtains for the currents h and la 



—A parallel combination of two- 
terminal-pair networks. 


h = I'l + l’i - (r u FJ + Y’ lt VQ + (YuV'i + Y['V' 3 ') 
= (F'„ + Y[' 1 )V 1 + (F ' 12 + F")F 2 , 

I* = I't + I? = m iVi + Y'nVQ + {Y” X V” + Y" 3 V 3 ) 
- mi + n i)Fi + (Fj 2 + f")f s . 


( 31 ) 
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This pair of equations can be written in matrix iorm as follows: 



I' Ideal /,=J 2 '= 
-1-2-1:1 


<z) kiji 

Vl=Vl+V ‘[i£r 

% * v->=vM 

Vi't 

o- 

(Z > kj|_ 


(!:) - 0 - 0) - (5 !>) >< 0 - (!i ill x 0 

-10 !>M!1 !i)lx(K) » 

It follows that the matrix of the parallel combination of the two net- 
7.-7.'=/: T' Ideal works is simpty 


‘ ‘ * 1 1—‘ ‘ The simplicity of this last equation 

Vi-VS'+Vi'lJi ' **~jf\vz m Yi+v£ places in evidence the advantages 

J1 of matrix algebra. The ideal trans- 

vfl (2) formers of Fig. 9-2 can be eliminated 

o----o if the points A ' and A " are at the 

1:1 same potential and can, therefore, 

Fig. 9-3.—A series combination of two- be tied together without changing 
terminal-pair networks. the behayior of the system . This 

is the case in most practical networks because the input and output ter¬ 
minals are usually connected by a ground wire. 

Figure 9-3 illustrates two networks connected in series. In this case 
one finds that the Z-matrix of the whole network is the sum of the 
corresponding matrices of the two component networks. 

Z = Z' + Z". (34) 

In this case also, the ideal transformers can be eliminated if the points 
A' and A" are at the same potential , „ , „ 

and can, therefore, be tied together 

without modifying the behavior of i fa' ffil * fa" ©"] a T 

the system. As pointed out before, v i =v i| q' \ v z =v ? q» | v 2 =^ 

this elimination is possible in most ° -r L- ° 

practical cases. Fl °- ^-Cascade connection of two- 

r , terminal-pair networks. 

The third and most important 

type of network combination is the cascade connection illustrated in Fig. 
9-4. The pair of relations between the input and output variables can 
be written in matrix form as follows: 

The matrix of the whole network is, therefore, equal to the product of 
the matrices of the two component networks, namely, 


Fig. 9-4. —Cascade connection of two- 
terminal-pair networks. 
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The above results can be generalized to any desired number of networks. 
In the particular case of a cascade connection, the (CKBCSD) matrix of the 
whole network is simply the product of the corresponding matrices of 
the component networks. It is noteworthy that the multiplications 
must be performed in the proper order because the commutative law 
does not apply to products of matrices, as was pointed out in Eq. (30). 

For the convenience of the reader, a number of basic networks are 
shown in Tables 9-1 and 9-2, together with the matrices by which they 
are most simply represented. 

Table 91. —Simple Components and Their Corresponding Matrices 



9*3. Determination of Input Impedance and Insertion Loss.—The 

matrices discussed above specify the behavior of a two-terminal-pair 
network independently of the characteristics of the generator and of the 
load that are connected to the input and output terminals. In many 
eases, on the other hand, one is interested specifically in the behavior 
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Table 9*2.—Simple Structures and Their Corresponding Matrices 


Structure 

Circuit 

Matrix 

T-section 

z a z b 

ZH 

A 

[z] = | 

\Z a + Z e Z c ) 

[z e z b + z c ) 

ir-section 

•^fT 

B 

[y] = 

( Ya + Ye -F c ] 
(-Ye Yt + Yc ) 

Symmetrical 

lattice 

I ~f ? I ! 

T 

M = 

[y] = 

Z h +Z a Z b - Z a 

2 2 

Z b — Z a Z b + Z a 

2 2 

Yb + Ya Y b - Ya 
2 2 

Y b -Ya Y b + Ya 
2 2 



of the network when it is inserted between a given generator and a given 
load. Two functions are particularly useful in this 
connection, namely, the input impedance Z of the 
network when a load impedance Z L is connected to 
the output terminals, and the voltage insertion ratio, 
which will be defined later. To compute the input 
impedance let the network be specified by the 
parameters CL, <B, Q, 2D, and let ft', ©', e', 2D' be the 
corresponding parameters of the cascade connection 
of the network and the load impedance Zl as shown in Fig. 9-5. One 
obtains then 


Fig. 9*5.—Two- 
terminal-pair network 
terminated in a load 
Z L . 



At this point one observes that the driving-point impedance Z is the 
same as the open-circuit impedance of the cascade connection to which 
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Eq. (37) applies. Therefore, Z can be expressed in terms of Of and ®' 
by means of Eq. (14). One has then 


7 4-- 

az L + <b _ a L ~ r a 
ez L + 2D c „ . 2D* 
Zl + g 


(38) 


Another convenient expression for Z can be obtained by substituting 
for the ratios CL/G, (B/G, and 2D/6 by means of Eqs. (14) and (15) 


Z 


Zl-\- ~ 

T7 4 22 

Zl1 Z* + Z 22 ' 


(39) 


It is interesting to note that this equation contains only driving-point 
impedances and admittances and, moreover, that one could multiply all 
the impedances measured at the 
output terminals by a constant k 
without changing the ratio Z/Zn. 

In other words, the ratio Z/Zn 
depends only on the relative values 
of the impedances measured at the 
output terminals. This fact is of 
primary importance in connection with waveguide networks, as is shown 
in Sec. 10-6. 

The voltage insertion ratio is the function most commonly used to 
describe the over-all behavior of a filter when it is inserted between a 
specified generator and a specified load. It will be defined below, in a 
manner somewhat unconventional, for the particular case of practical 
importance in which both the load impedance and the generator imped¬ 
ance are pure resistances. With reference to Fig. 9-6, let V[ be the 
voltage across the load resistance Rl when the filter is removed and the 
generator is matched to the load by means of an appropriate trans¬ 
former in order to maximize the load power. The voltage insertion 
ratio is defined as the ratio of V[ to the voltage V L measured across R L 
when the filter is inserted between the generator and the load. One 
obtains for the voltage V[ 



The voltage V L can be determined in terms of the general network 
parameters in the following manner. Let Of, <B', G f , 3D' be the elements 
of the matrix representing the cascade connection of the generator 



I 


Fig. 9*6.—Two-terminal-pair network in¬ 
serted between a generator and a load. 
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resistance, the filter, and the load as illustrated in Fig. 9-6. This matrix 
can be computed as follows: 

fet' ©'] 

{ e' sd'J 


One observes then that the ratio Vs/Vl is, by definition, equal to ft'; 
that is, 

£-<* + £ + «* + §*». < 42 > 

It follows that the insertion ratio is given by 



If the filter is nondissipative, that is, if it contains only reactive elements, 
a and 3D are real quantities but © and e are imaginary. This property 
can be derived from Eqs. (17) by observing that the open-circuit imped¬ 
ances and the short-circuit admittances are imaginary in the case of 
reactive networks. 

If one is concerned only with the frequency discrimination properties 
of a filter irrespective of its transient behavior, the phase of the ratio 
V'JVl is immaterial. It is customary to refer to the square of the 
magnitude of the insertion ratio as the “power-loss ratio.” In fact, if 
Po is the maximum power available from the generator and P L is the 
power delivered to Rl when the filter is inserted between the generator 
and the load, one obtains 



The reciprocal of this ratio, that is, Pl/Po, is called the “power-trans¬ 
mission ratio.” The insertion loss L, on the other hand, is the value in 
decibels of Po/Pl, that is, 

L = 10 log,. = 20 log,. ||i|- (46) 

This definition of the insertion loss differs from the one made in 
many textbooks in that the power delivered to the load is normalized 
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with respect to the power available from the generator rather than to 
the power that would be delivered to the load if the load were connected 
directly to the generator. Of course, the two definitions coincide if the 
load resistance is equal to the source resistance. 

In the particular case of nondissipative networks, which is the most 
important case in practice, the expression for the power-loss ratio, given 
by Eqs. (43) and (44), can be transformed into a more convenient form 
in the following manner. Since the first term of Eq. (43) is real, whereas 
the second term is imaginary, using Eq. (18) one obtains for the power- 
loss ratio 


Pl ' 


3 [(I e ’ + m + *“) - One + + 2ffle )] 


i+z 


(46) 


The advantage of this last expression is that it simplifies readily in the 
case of a symmetrical network (Rl = Rs, ft = 3D) and in the case of a 
reciprocal impedance network (R L R S — 1, ffi = <?•). 

9*4. Wave Matrices and Accumulative Mismatches.—Before leaving 
the subject of the mathematical representation of two-terminal-pair net¬ 
works it is well to discuss, to some extent, two matrices which are par¬ 
ticularly useful in connection with transmission-line systems. Figure 9*7 
illustrates a network terminated in two arbitrary nondissipative trans¬ 
mission lines. Let h be defined as the square root of the product of the 
voltage and the current of an incident wave at the input terminals of 
the network. In other words, the magnitude of h is A u 

equal to the square root of the power carried by the 
incident wave, and the phase of h is equal to the phase 
of the voltage. Similarly, let Ri be defined as the 
square root of the product of the voltage and the cur¬ 
rent of the reflected wave at the input terminals. 1 2 
and R 2 represent the incident and reflected waves at the output terminal 
as indicated in Fig. 9-7. The variables ii, Ri, I 2 , Rz may be considered 
as normalized voltages. 

Matrices that relate these four variables may be defined as in the 
case of terminal voltages and currents. For instance, one may write the 
following matrix equations, 


a, a, 

Fig. 9-7.—Net¬ 
work terminated in 
lines. 


(Rl\ 

(I2) 

ill) 


(R SMS! 

( -^11 -^12! w f 7 e) 
An An) UsJ 


(47) 

(48) 
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The elements of the two matrices thus defined can be determined as 
follows: 



where Tx and r 2 are the reflection coefficients at the input and output 
terminals, respectively, when the line on the other side of the network 
is properly terminated, and T x and T 2 are the transmission coefficients 
measured under the same conditions. Because of the reciprocity theorem 
one has 

T x = T 2 = T. (51) 

The parameters defined by Eq. (50) are related to r x , r 2 , and T as 
follows: 



It follows that 

A 11 A 22 — A 12 A 21 = 1. (53) 

The reader will observe that the parameter A n = 1 /T is the voltage 
insertion ratio defined above and, therefore, |A n | 2 is the power-loss ratio. 
If the network is nondissipative, the power transmitted through the 
network must equal the incident power minus the reflected power. It 
follows that, if the output line is properly terminated, one has 

|r | 2 = 1 - |rx| 2 . (54) 

Similarly, if the direction of power flow is reversed and the input line is 
properly terminated, one has 

IT 7 ! 2 = 1 - |r 2 | 2 . (55) 

It follows that the magnitudes of the reflection coefficients for the 
input and the output terminals are equal; that is, 

|r x | = |r 2 | - |r|. (56) 

The VSWR measured in either line when the opposite line is properly 
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terminated is then given by 


. _ i + |r| 
1 - |rf 


(57) 


The A-matrix has properties similar to the (a, ffi, C, 3))-matrix, that 
is, the A-matrix of a cascade connection of a number of networks is equal 
to the product of the A-matrices of the component networks. One must 
observe, however, that this method of analysis can be used only if the 
transmission lines that are joined in the process of cascading the networks 
have the same characteristic impedance. If this is not the case, the 
junctions of transmission lines of different characteristic impedances must 
be considered as separate networks. 

An illustration of the use of A-matrices is the following problem. 
Let A' and A" be the matrices of two nondissipative networks, and r' and 
r" be the magnitude of the VSWR in the input lines of the two networks 
when their output lines are properly 
terminated. If the two networks are 
connected in cascade as shown in 
Fig. 9-8, the magnitude r of the 
VSWR in the input line will depend 
on the angular length 6 of the line 
joining the two networks. It is de¬ 
sired to determine the maximum and minimum values of r that can be 
obtained by varying 0. The A-matrix of the section of line of length 0 
is found to be 


U') 


UT) 


\+e+\ 

Fig. 9-8.—Two networks connected in 
cascade by a transmission line. 


A®: 


(V* 0] 

{ 0 e-’ e )' 


(58) 


Therefore, the matrix of the whole system is 

A = Mil A' 12 ) 0] (A'A A") 

Ui A'J X { 0 H X Uii A'U 

= K A' 12 ] U'Ae” A" 2 e ie ) 

Mil A' 22 J X Mii e_7fl A? 2 e-») ^ 

At this point one observes that the ma ximum and minimum values 
of r must correspond, respectively, to the minimum and maximum 
values of the magnitude of the transmission coefficient T of the whole 
network since no power is lost in the network. The value of A u, that is, 
of 1 /T, is easily obtained from Eq. (59) as follows: 

An = l/T = A'^AW + A'uA&e-i* 

- ; (1 - r'.TJe-*). 


(60) 
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The Tnovimnm and minimum values of the magnitude of T are evidently 
given by 


l _ l + |r{||iY| _ _ l + |r;i|rfl 

irt imrl V(i - M a )(i - |r''|’) 

l _ l - |r;||ri'| _ i - Mlr'/i 
|TU IT'im V(i - |rj| ! )(i - |r,t) 


( 61 ) 

( 62 ) 


One has, then, for the minimum and maximum values of the magnitude 
of the reflection coefficient, 


|rU 

'1—IrF - llri'l-inil 

- -v/1 iru | x _ iryyrjil 

(63) 

|ru 

— pa*- W'l + K\ 

1 ~ V1 |TU “ i + |r;'||r;i 

(64) 


Finally, by means of Eq. (57), one obtains for the maximum and mini¬ 
mum values of the YSWR in the input line 

U = rV', (65) 


and 




)r" 


for r' > r" ^ 
for r" > r' 1 


( 66 ) 


IMAGE PARAMETERS 

9*5. Image Impedance and Propagation Functions.—The so-called 
“image” parameters of a network play a very important part in the 
conventional design of filters. It is desirable, therefore, to review briefly 
their definitions and to discuss some of their properties. 

The image parameters of a two-terminal-pair network are the image 
impedances of the two pairs of ter¬ 
minals and the propagation function. 

I. <r The two image impedances Z n and 

|j^ 3 k > may be defined as follows: with 
reference to Fig. 9-9, Zi i is the im- 

Fig. 9 - 9 . Two-terminal-pair network ter- pe( J an ce which Would be measured 
mmated in its image impedance. f ... . „. .. 

between termmals 1 and 1, if an 
impedance equal to Zi 2 were connected to terminals 2 and 2'; conversely, 
Zi 2 is the impedance which would be measured between terminal 2 and 
2' if an impedance equal to Zn were connected to terminals 1 and 1'. 

The propagation function specifies the transmission properties of the 
network when the source and load impedances are equal to the image 
impedances. With reference to Fig. 9-9, suppose a voltage source is 
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placed in series with Zn. The ratio F 1 /F 2 may be expressed in terms 
of the propagation function 7 as follows: 



The factor \/Z n /Zn represents the transformer action of the network 
and becomes unity in the case of a symmetrical network. If the voltage 
source is placed in series with Z /2 , the voltage ratio becomes 

Vr = \fe e7 - (68) 

The consistency of Eqs. (67) and ( 68 ) follows from the reciprocity 
theorem. The propagation function is, in general, a complex quantity 

7 = a + jjS. 

The real part a is called the “attenuation function,” and the imaginary 
part j 8 is called the “phase function.” 

The image parameters are related to the circuit constants ft, ffi, e, 3D, 
defined in Sec. 9*1, as follows: 

Zn = v«©/e 3 D, Zj 2 = \Zsm/ea, (69) 

cosh 2 7 = Gt3D, sinh 2 7 = ©e. (70) 

Two other quantities, namely, the open-circuit and short-circuit imped¬ 
ances of a network, are often useful in the computation of the image 
parameters. These are defined in the following manner. Let Zoei and 
Z,d be, respectively, the impedances measured between terminals 1 and 
1 ' when terminals 2 and 2 ' are open-circuited and short-circuited. Let 
Zoc 2 and Z tc2 be the corresponding impedances measured between ter¬ 
minals 2 and 2 . It can be shown that the image parameters are given by 
the following equations: 


Zn = -y/ZodZ'd, ( 71 ) 

Zn — \/ ZociZ'cz, (72) 

T = ta WIS = taDh "\l2’ < 73 > 

which may be written alternatively as 


7 = + VZ'ci/Zon = 1 1n 1 + VZ.n/Z^ 

^ 1 V Z,c\/Z oc \ 2 1 — y/Z, e z/Zoc2 


(74) 


In the case of geometrically symmetrical networks, the image param¬ 
eters can be expressed in terms of the open-circuit and short-circuit 
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—Bisection of i 
work. 


symmetrical net- 


impedances of half the network. Special consideration must be given 
here to the meaning of open circuit and short circuit since the terminals 
involved may be more than two. With reference to Fig. 9-10, Z och is 
determined by separating the two halves of the network at the geometric 
plane of symmetry and then short-circuiting the terminals resulting 
from any pair of wires which cross each other on that plane, leaving all 
the other terminals disconnected. 
Conversely, Z 8< * is determined by 
tying together all the terminals at 
the geometric plane of symmetry 
except the ones that were short- 
circuited before. In terms of these 
impedances, Bartlett’s bisection 
theorem, as extended by Brune , 3 states that the image impedance 
(obviously Z n = = Zj) and the propagation function are given by 

Zi = \/ Z ochZ ech (75) 

T - 2 tanh~i ±jr = In 1 + a/Z ^^ = ±,V. (76) 

1 — VZsck/ZocH 

Equations (75) and (76) are extremely useful in connection with sym¬ 
metrical networks because they save a considerable amount of labor in 
the computation of the image parameters. Moreover, as will be shown 
later, they form the basis of a classical method of filter design. 

Two networks connected in cascade as shown in Fig. 9*11 will now 
be considered. It is assumed that Z /2 = Z /8 . The image impedances 
for terminals 1 and 4 of the cascade connection are, respectively, Zn and 
Zi 4 , that is, the image impedances for the same terminals of the two net¬ 
works, considered separately. In fact, if an impedance equal to Zn is 
connected to terminals 4, the network 3-4 will load the network 1-2 with 
an impedance equal to Z /8 , which 



Fig. 9-11. —Two-terminal-pair networks 
connected in cascade and terminated in 
image ii 


by assumption is equal to Zn- 
Consequently, the input impedance 
measured at terminals 1 will be 
equal to Z n as required by the 
definition of image impedance. 

Similarly, if an impedance equal to 
Z n is connected to terminals 1, the impedance measured at terminals 4 
will be equal to Z /4 . The propagation function of the cascade combina¬ 
tion is then by definition 

(77) 

Both networks are separately terminated in the proper image impedances 
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when Z /4 is connected to terminals 4. It follows that 



and consequently, 

7 = 712 + 734 . ( 79 ) 

In other words, the propagation function of the two networks in cascade 
is equal to the sum of the propagation functions of the two networks. 
These results can be generalized for a cascade connection of any number 
n of networks in which the image impedances are matched at every 
junction. The propagation function of the cascade connection will be 
equal to the sum of the propagation functions of the individual net¬ 
works, and the two image impedances will be equal to Z n and Zj 2 „. 

9-6. Behavior of Image Parameters of Reactive Networks.—The 
properties of the image parameters of nondissipative networks will now 
be considered in more detail. In such networks the impedances Z oc i, 
Zoci, z, ci, Z , c 2 become purely imaginary, and if X ocl , X oc2 , X tcl , X, c2 are 
the corresponding reactances, the expressions for the image parameters 
become 


Zn 


V— XoelXtd, Zn = V —XoczXtc 2, 


7 = 


1 1 + \fXJXlc 

2 l-VX' C /xJ 


(80) 


It follows that both image impedances are real and y is purely imaginary 
when (Xgcu/Xoct) = (X, c i/X 0 ci) < 0. The band of frequencies in which 
this condition is satisfied is called the “pass band,” since the attenuation 
a is identically zero. Conversely, when (X, c i/X 0 ci) = (X, c2 /X oc2 ) > 0, 
both image impedances become purely imaginary and y becomes 


7 = a+jkg ( 81 ) 

where k is an integer. The band of frequencies in which a y* 0 is called 
the “attenuation band.” The sign of the ratio X tc i/X 0 ci = X gc2 /X oc2 
must change, by definition, at each end of a pass band. But, according 
to Foster’s reactance theorem, the slope of any reactance function is 
always positive. It follows that one of the two reactances (X, c or X oc ) 
must be either zero or infinite whenever the ratio X„ c i/X ocl = X„ c2 /X 0 cz 
changes sign. This must be true, of course, for both pairs of terminals. 
Conversely, a pole or a zero of either reactance marks the limit of a pass 
band unless both reactances are critical, that is, both change sign at the 
same frequency. It follows also that the image impedances become 
either zero or infinite at the ends of any pass band. The attenuation a 
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becomes infinite when X tc /X oe = 1. However, the image impedances 
are noncritical when a is infinite, unless both reactances are, independ¬ 
ently, critical. 

The propagation function has been shown to have very useful prop¬ 
erties in connection with the design of filters. The actual transmission 
characteristics of a filter, however, are represented correctly by the 
propagation function only when the source and load impedances are 
equal to the image impedances. In practice, the source and load imped¬ 
ances are pure resistances and, consequently, do not properly terminate 
the filter at all frequencies. Let Rl and R s be the source and load 
resistances, respectively. The power-loss ratio is given in terms of G, 
(B, C, SD by Eq. (46) which is rewritten below. 



(82) 


When the image parameters are introduced, by means of Eqs. (69) and 
(70), this equation becomes 


Ho i , 1 |r (Zn Rl 
Pl " l "4 |L\E*Z, 2 


IZ12 Rs 

^RlZjx. 


cosh 2 


_ jZn Z 12 

Y 

iRs Rl 

yjZii Zi2_ 


sinh 2 7 1 • (83) 


It will be noticed that the image impedances and the terminating resist¬ 
ances appear in this equation only as Zn/Rs and Ziu/Rl- Therefore, 
it is possible in all cases to normalize the image impedances with respect 
to the corresponding terminating resistances. This is equivalent to say¬ 
ing that both terminations can be made equal to unity without loss of 
generality. Physically speaking, this is done by changing the impedance 
level of the whole network and by using, if necessary, an ideal trans¬ 
former. It will be sufficient, therefore, from now on to consider only 
networks terminated in 1 -ohm resistances. 

Two groups of networks are particularly important; symmetrical 
networks for which, according to Eqs. (19) and (69), Z n = Zi 2 , and 
networks with reciprocal image impedances for which, according to 
Eqs. ( 20 ) and (69), Zn = I/Z12. In the case of symmetrical networks 
with 1-ohm terminations, Eq. (83) reduces to 


g-l(84) 

In the pass band, 7 is a pure imaginary jf. J, and Z f is real. Therefore, 
Eq. (84) becomes 
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k w = 1 + \ 


sin 


Zi is finite over the whole pass band but becomes either zero or infinite 
at the cutoff frequencies. The function j8 must have a positive slope 
and must equal an integer limes w at the cutoff frequencies. In fact it 
can be shown that, in the case of a symmetrical network, Z tc cannot 
vanish while Z oc is finite, and Zoc cannot become infinite while Z sc is 
finite. It follows that the power ratio oscillates between unity and the 
if i I 2 

value 1 + 1 Zi — 1 . The maxima occur approximately when 

sin 2 0—1, that is, when 0 is equal to an odd integer times 7r/2. At the 


t ints, (z, - i) 


becomes infinite and sin 0 vanishes. 


limit of the product can be found by substituting in Eq. (85) the values 
of Zi and sin 0 expressed as functions of Z oc and Z sc . This limit is 
always finite. 

In the attenuation band, Zi is imaginary and 0 is equal to an integer 
times 7r. Therefore, Eq. (84) reduces to 


! (a) - 1 + I jjz,| + |^|] ! sinh ! a. 


The limit of this expression at the cutoff, that is, when a approaches zero 
and \Zi\ + j^-j approaches infinity, must be equal to the value obtained 

when approaching the cutoff from the pass band. The power ratio is 
never less than, and, for large values of a, is approximately equal to 



1 + rzJ 

(87) 

The minimum value of |jZ/| + 

is 4. Therefore, 

the power ratio 

is never smaller than 




4' 

(88) 


The common statement of this fact is that the insertion loss is never more 
than 6 db below the attenuation function. 

Networks of the second group have image impedances reciprocal to 
each other. Let Zi = Z n — l/Z I2 . Equation (83) is simplified to 


F:= i+ i[ z '-z,I co6h ^' 


(89) 
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In the pass band, y is imaginary and Zi is real, as in the previous case. 
Therefore, this equation reduces to 

|rO) = 1 + - 4 [z, ~ yj cos* p. (90) 

It can be shown that, when Z n = I/Z 12 , Z oc cannot vanish while Z tc is 
finite and Z tc cannot become infinite while Z oc is finite. This situation 
is exactly opposite to that encountered in the case of symmetrical net¬ 
works. It follows from Eq. (80) that, at the cutoff points, j8 must be 
given by 

0-g + f»r, (91) 

that is, cos j8 vanishes at both ends of the pass band. At these points 
[Zi — 1/Zi] becomes infinite but, as in the previous case, the limit of 
the product of the two factors is finite. Again the power ratio oscillates 
between unity and the value 1 + i[Zi — 1 /Zi], the maxima occurring 
approximately when cos 2 j8 = 1. 

In the attenuation band, j8 is a constant equal to the value at the 
cutoff given by Eq. (91), and Z t is imaginary. Therefore, Eq. (89) 
reduces to 

(«) - 1 + i [|Z,| + J sinh 2 a. (92) 

Since this equation is identical to Eq. (86), no further discussion is 
required. 

NORMALIZATION OF FILTER DESIGNS 
The particular values of the components used in a final filter design 
depend on the electrical specifications which include, among other 
things, the desired values of the terminating impedances and the width 
of the pass band. To avoid unnecessary duplication in computation, it 
is desirable to “normalize” designs so that, by slight alterations, a single 
basic design may be made to satisfy a variety of given specifications. 

First, a procedure will be developed by which a filter design appropri¬ 
ate for 1-ohm terminations may be adapted for use with any pair of 
terminating impedances. In principle, such a procedure is always 
applicable but may in certain instances lead to practical problems requir¬ 
ing special handling. Fortunately, such cases are the exception rather 
than the rule. Second, certain frequency transformations that normal¬ 
ize the frequency dependence of most practical filters will be discussed. 
The first and simplest transformation reduces the design of all low-pass 
filters to the design of prototypes with cutoff frequencies of 1 radian/sec. 
More complex transformations will then be introduced which permit 
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the design of a whole class of high-pass, bandpass, and band-elimination 
filters from these low-pass prototypes. The use of such transformations 
reduces considerably the amount of algebraic manipulation and numerical 
computation required to yield final data and eliminates the necessity 
for redundant expositions in the remainder of the chapter. It should be 
realized, however, that the filters generated from a basic low-pass filter 
by such transformations of variables do not always afford the most 
advantageous design for a given problem. Except for rather special 
applications, however, such filters are quite satisfactory and are widely 
used. 

9*7. Impedance normalization.—The normalization with respect to 
the terminating impedances does not present any difficulty when the 
terminating impedances are equal. It is evident that the insertion loss 
of a filter remains unchanged when all the impedances of the system, the 



Fig. 9-12.—Impedance-level transformations in a low-pass filter. 


source and load impedances included, are multiplied by the same con¬ 
stant. Therefore, a filter designed to operate between 1-ohm termina¬ 
tions can be modified to operate between E-ohm terminations by simply 
multiplying all the inductances and the resistances by R and dividing 
all the capacitances by R. In the case in which the terminating imped¬ 
ances are not equal, the basic design can still be used, but the impedance 
level of one side of the filter must be changed. In theory tins can be done 
very easily by means of an ideal transformer, but in practice the behavior 
of an ideal transformer can be only approximated. In many practical 
cases, however, the ideal transformer can be lumped with other elements 
of the network. In other words, the network can be modified so that 
the proper change of impedance level is produced at the most con¬ 
venient place between the input terminals and the output terminals. 

A similar procedure must be followed when the basic design requires 
terminating impedances different from each other, whereas the specified 
impedances are equal. By way of illustration, consider Figs. 9* 12a and 
9* 13a, which show the simplest basic designs for a low-pass filter and a 
bandpass filter, respectively. In the case of the low-pass filter, the basic 
design can be modified to operate between equal terminations only by 
means of a transformer (Fig. 9-126). Therefore, the original frequency 
response cannot be reproduced exactly since all practical transformers 
are frequency-sensitive. The bandpass filter, on the contrary, can be 
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transformed very easily as shown in Fig. 9-136 and c without any change 
of frequency behavior. Even in this case, however, the transformation 
is possible only if the coupled coils are practically realizable, that is, if 

! w > w. In>u (93 > 

It turns out that this condition is satisfied whenever the band of the filter 
is greater than 1 radian/sec, that is, in all practical cases. For a further 
discussion of such changes of impedance level, the reader is referred to 

standard texts on network theory. 
It must be pointed out, however, 
that there is no straightforward 
procedure which leads in all cases 
to the desired result, and that 
the success of a network manipula¬ 
tion of this type depends to a 
certain extent on the ingenuity of 
the designer. 

9*8. Pass-band Normalization. 

Normalization with respect to the 
pass band and to the attenuation 
band reduces most practical filters 
to basic low-pass structures. 
From the mathematical point of 
view, such normalization consists 
simply of a change of variable. 
To study this question, consider 
first an arbitrary two-terminal- 
pair network connected between 
a source and a load. The insertion loss, L(«), of the network is pro¬ 
portional to the logarithm of the magnitude of a real function of the 
variable jw; thus 

L(w) = 20 logxo |/(j*)|. (94) 

But /(— jo») is the conjugate of f(ja) since the function (not the value of 
the function) is real. It follows that 

L(w) = 20 logxo |/(i«)| = 20 logxo |/(— jo>)\ — I/(—«). (95) 

In words, the insertion loss is always an even function of the frequency. 
Consider now the change of variable 

w = Jew', (96) 

where k is a positive constant. This substitution is obviously equivalent 
to a change of the frequency scale. The variable ka>' enters in the func- 



(O 

Fig. 9*13.—Impedance-level transformations 
in a bandpass filter. 
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tion Lika') always in the combinations Lkot r , Ckco', and MJcu', and 
in those combinations only. Therefore, if to' is considered as a real 
frequency, the function L(ku') is the insertion loss of a network obtained 
from the original one by multiplying all self-inductances, mutual induct¬ 
ances, and capacitances by the constant k. In particular, given the design 
of a low-pass or high-pass filter whose cutoff frequency is 1 radian/sec, 
the cutoff frequency can be altered to an arbitrary value a c by merely 
dividing the values of all the reactive elements by <a c - 
Consider now another change of variable, namely, 

a = —k /to'. (97) 

This substitution has the effect of interchanging the origin with the point 
at infinity, and the positive axis with the negative axis. For instance, 




Fig. 9*14.—Insertion loss of a low-pass and a high-pass filter. 

the insertion loss of a low-pass filter shown in Fig. 9* 14a is transformed 
into the function shown in Fig. 9-146, which is obviously the insertion loss 
of a high-pass filter. When is a real frequency, the change of variable 
of Eq. (97) transforms any inductive reactance wL into a capacitive 
reactance —kL/a r and any capacitive reactance — l/« c into an inductive 
reactance w'/kC. Therefore, the function L(—&/«') shown in Fig. 9-146 
is the insertion loss of a network obtained from the original one by 
substituting for any inductance L a capacitance C* — 1/kL and for any 
capacitance C an inductance U = X/kC. 

The presence of any mutual inductance in the original network would 
lead to difficulties, since there is no such thing as a mutual capacitance 
which ran be substituted for a mutual inductance. A mutual inductance 
M ran produce an inductive mutual reactance wM between two loops of a 
network without requiring any electrical connection between the loops 
(Mg. 9-15a). In order to introduce a capacitive mutual reactance in the 
same manner, it is necessary to use an ideal transformer as shown in 
Fig. 9-156. The equivalent mutual capacitance of the coupling circuit 
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of Fig. 9-156 is equal to aC. As in the case of impedance transformations, 
the presence of an ideal transformer is very important from the con¬ 
struction point of view, but is immaterial as far as the theoretical work 
involved in the process of normalization is concerned. 

The transformation just described can be used to design a high-pass 
filter from a low-pass filter. If the constant k is made equal to the 
cutoff frequency of the low-pass filter, the high-pass filter will have the 
same cutoff frequency. Conversely, any high-pass filter can be reduced 
to a low-pass filter by the reverse transformation. By combining the 
transformations defined by Eqs. (96) and (97), any high-pass or low-pass 
filter can be derived from a low-pass filter with a cutoff frequency of 
1 radian/sec by uniform changes of 
the elements, regardless of the com¬ 
plexity of the structure. 

Finally, consider the change of 
variable 



(o) (6) 

Fig. 9-15.—Mutual inductance and effec¬ 
tive mutual capacitance. 



where both ai' 0 and k are positive constants. This substitution transforms 
an even function of to into an even function of to' which has a geometric 
symmetry with respect to the points to' = w' 0 and to' = —oj' 0 . In fact, the 
points coi and — coi are transformed into the two pairs of points 



The product of the points of each pair is 

«x«* = («o) 2 > (101) 

which reveals the geometric symmetry involved in the transformation. 
The difference between the points of each pair is 


w' = o>2 — o)[ = o>i/k. (102) 

It follows that an insertion loss function L(co) such as the one shown in 
Fig. 9-14a for a low-pass filter is transformed into the function of to' 
shown in Fig. 9-16, which is obviously that of a bandpass filter. 



Sec. 9-8] 


PASS-BAND NORMALIZATION 


565 


The change of variable of Eq. (98) transforms any inductive reactance 
uLi into a reactance 

X = kL t u'« (-, - 4)- (103) 

\G>0 « / 


This function is easily recognized as the reactance of the series-tuned 
circuit of Fig. 9’17a, in which 


L[ = kL u 


r' = 1 = 1 

1 L’MY MaK) 2 ' 


(104) 


Similarly any capacitive susceptance oiC 2 is transformed into a sus- 


ceptance, 

B = kC 20 ,' l- t - (105) 

\w 0 « / 

which may be recognized as the 
susceptance of the parallel-tuned cir¬ 
cuit of Fig. 9-176, in which 

Ci = kC*, Li = (106) 

In order to represent the coupling 
reactance 

= ( 107 > 



filter. 


resulting from a mutual inductance M, it is again necessary to use an 
ideal transformer, as shown in Fig. 9-17c, in which 


aV m = k M, C' m = 1 /L’ m W. (108) 


By the use of Eq. (98), a low-pass filter with a cutoff frequency of 1 
radian/sec is transformed into a bandpass filter with a bandwidth w equal 



(a) (c) 


Fig. 9*17.—Resonant elements. 


to 1 fk. Therefore, the design of a bandpass filter with mean frequency 
o>o can be obtained simply by substituting for any inductance Li a series- 
tuned circuit with elements 


L[ = L l /w f J Ci = l/L'M)*; 


( 109 ) 
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for any capacitance C 2 , a parallel-tuned circuit with elements 

C' s = C 2 /w', Li = 1/CiW; (110) 

and for any mutual inductance M, a circuit such as the one of Fig. 9-17c 
in which 


aV m = M/w, C' m = 1 /L’ m (<*i)K (111) 

The converse, however, is not in general true. Only a bandpass filter 
whose insertion loss has the proper 
geometric symmetry about the mean 
frequency can be reduced to a low- 
pass filter. The transformation of Eq. 
(98) can also be applied to a high-pass 
filter having an insertion loss such as 
the one plotted in Fig. 9*146. The 
result would be, evidently, a band- 
elimination filter whose insertion-ratio 
curve would look like the one shown 
in Fig. 9*18. The mechanism of the 
transformation and the equations 
relating the parameters are the same 
as in the case of the bandpass filter. 
By combining the changes of variable of Eqs. (96) and (98), it is possible 
to obtain a band-elimination filter from a low-pass filter. As in the 
previous case, the converse is not true. 



9-18.—Insertion loss of a band- 
rejection /liter. 


REACTIVE NETWORKS WITH SPECIFIED IMAGE PARAMETERS 


9*9. Designs Based on Lattice Structures.—The symmetrical lattice 
shown in Fig. 9*19 is, for two reasons, a very useful structure in filter 
design. First of all, it is the most general symmetrical network. In the 
second place, it lends itself to a simple synthesis 
procedure based on prescribed image parameters. 

Both properties become evident when Bartlett’s bisec¬ 
tion theorem is applied to the lattice structure. The 
open-circuit and short-circuit impedances of half the 
network are simply 

Zoeh = Zb, z, ch = Z a . ( 112 ) 



IG. 9-19.—Sym¬ 
metrical lattice. 


Since Z a and Zb can be any two physically realizable impedances, it is 
evident that any symmetrical network can be reduced to a symmetrical 
lattice. Moreover, the image impedance is specified by the product 
Z a Zb, whereas the propagation function is specified by the ratio Z a /Zb. 
It follows that the two image parameters can be specified independently, 
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and the two impedances Z a and Zt can be found from them without 
difficulty. In the case of nondissipative networks, Z a and Zb are react¬ 
ances and can be realized in Foster form, in either Cauer form, or in any 
convenient combination of them. 

The design problems for nondissipative filters will now be considered 
in more detail. It has been shown previously that Z oc and Z, c must have 
opposite signs in the pass band and the same sign in the attenuation 
band. The same is true for Zoch and Z sch since Eqs. (75) and (76) have 
the same forms as Eqs. (71), (72), (73), and (74). It follows that either 
Z a or Z b (not both) must be critical at the cutoff frequency. Moreover, 
the poles and zeros of Z a and Zb must 
coincide in the attenuation band, 
whereas in the pass band the poles of 
Z a must coincide with the zeros of Zb 
and vice versa. A possible distribution 
of poles and zeros for a low-pass filter 
is shown in Fig. 9-20. 

According to Foster’s reactance 
theorem, a reactance is specified, except 
for a constant multiplier, by the loca¬ 
tions of its poles and zeros. For instance, Z a and Zb can be written, for 
the case of Fig. 9-20, as follows: 



Fig. 9-20.—Distribution of poles 
and zeros in the impedance functions 
of a low-pass filter. 


V _ kajo>(o>\ — « 2 ) 

Z “ " ’ 

* ~ - «*) ' 


(113) 

(114) 


The image impedance is then 

Z l = VZ*Z b = (115) 

V «1 - " 2 

The ratio y/ZJZb which determines the propagation function is 


/Za _ IhtJCJ \/cj I — a* 

\Zb - V kb a>l ~ a , 2 


(116) 


It will be noticed that Zj depends on the cutoff frequency on and on the 
other critical frequency « 2 but not on On the contrary, -\/ Z a /Z b 
depends on «i and «« but not on « 2 . This fact may be generalized in the 
following manner. The image impedance depends on the critical 
frequencies located in the attenuation band (cutoff frequency included) 
and not on th e critical frequencies located inside the pass band. The 
ratio V Za/Zb, on the other hand, depends on the critical frequencies 
located in the pass band (cutoff frequency included) and not on those 
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located in the attenuation band. This makes even more evident the fact 
that the image-impedance function and the propagation function can be 
specified independently. 

Equation (85) shows that the power ratio in the pass band is unity 
when Zi is equal to unity (for 1-ohm terminations). Therefore, the 
image-impedance function must be selected so that unity is approximated 
over the pass band in the best possible way. The larger the number of 
critical frequencies in the attenuation band, the closer the function may 
be made to approximate unity. However, the number of elements 
required in the filter also increases with the number of critical frequencies. 
Consequently, in general, some compromise must be made between 
performance and practicability. 

The attenuation function a becomes infinite when \JZJZ h — 1. 
Consequently, to obtain high off-band attenuation, the function y/Z a /Z h 
must be selected so that unity is approximated in the best possible way. 
The approximation may be improved by increasing the number of critical 
frequencies in the pass band but only, as before, at the expense of increased 
circuit complexity. The procedure for determining the location of the 
critical frequencies that yield the best approximation will not be discussed 
here. 6 

The symmetrical lattice is very useful for the basic design of filters, 
but is quite impractical as a final filter structure. For instance, the 
tolerances on the values of the elements are very strict, and the balanced 
form of the structure leads to difficulties in grounding the network. It 
is therefore necessary, once the basic design has been made, to develop 
the lattice into a more convenient structure—an unbalanced ladder, for 
example. This operation depends to a large extent on the ingenuity 
of the designer and, moreover, cannot always be performed since the 
lattice is a more general structure than the ladder. The lattice develop¬ 
ment will not be completely discussed here. Two basic steps, however, 
are sufficiently important to deserve attention. 

In the network of Fig. 9*21o, the open-circuit and short-circuit 
impedances of half the network are 


Zoch = Zt + Zb \ 

Z t ch — z + Z a j 


(117) 


These impedances, on the other hand, form the arms of the lattice of 
Fig. 9*216. The network of Fig. 9*21a is thus equivalent to the lattice 
of Fig. 9*216. It follows that, if the arms of a lattice contain a common 
series impedance, this impedance can be taken out of the lattice as shown 
in Fig. 9*21o. 

The dual operation is shown in Figs. 9*21c and d. The open-circuit 
and short-circuit admittances of half the network of Fig. 9*21c are 
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Y„ ch = Y + Y b 
Y. eh - Y + Fo )' 


(118) 


Again, these admittances form the arms of the lattice of Fig. 9*21d, and 
the two networks are thus equivalent. It follows that if the arms of a 
lattice contain a common parallel admittance, this admittance can be 
taken out and placed in shunt to both pairs of terminals. Both methods 
of lattice development can be used in succession to take out common 
poles and zeros of the two impedances Z a and Zb. 

Another method of developing a lattice is based on the fact that the 
propagation function of a filter is entirely specified by the cutoff fre¬ 
quencies and by the locations of the infinite peaks of attenuation. The 
infinite peaks of attenuation can be divided among a number of lattices 
all having the same image impedance. These lattices, when placed in 



Y 



Fig. 9*21.—Two equivalent lattice BtructureB and their duals. 


cascade, are equivalent to the original lattice since their combination has 
the same propagation function. The resulting lattices are then sepa¬ 
rately developed into more convenient structures. 

9*10. Constant-A- Filters.—The method of design based on constant-/: 
and m-derived structures was the first to be developed and because of its 
simplicity is still widely used when the design requirements are not too 
strict. For this reason, it will be discussed here in some detail. These 
designs will be treated as particular cases of the lattice structure. 
Although the meaning of conventional expressions such as “constant k” 
and “ra-derivation” will be partially lost by such an approach, other 
more important concepts will be made clearer than they would be if the 
traditional derivations were followed. The discussion will be limited 
to low-pass filters designed to operate between 1-ohm resistances. All 
the other types of filters can be derived from these basic designs by means 
of the transformations described in Secs. 9*7 and 9-8. 

Consider the simplest possible type of filter, that is, one with no 
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critical frequency other than that which separates the pass band from 
the attenuation band. There are two sets of reactance functions which 
may be used for Z a and Z b . These functions are plotted in Fig. 9-22. 
The two functions of each set have opposite signs from w = 0 to w = 1, 
and the same sign from ta = 1 to w = <*>. The cutoff frequency is, 
therefore, 1 radian/sec, and the filter is of the low-pass type. The image 
impedance and the ratio y/ZJZb are, for the functions of Fig. 9-22a, 


Zi = \/Z a Z b = \/LaLb \/l — <«> 2 , 
and, for the function of Fig. 9-226, 



z t = Vu = 




VI:-#: 


vr 


( 120 ) 


It is evident that the functions 



simple filters. 


corresponding to Fig. 9-226 are the 
reciprocals of the functions corre¬ 
sponding to Fig. 9-22a. There¬ 
fore, it is not necessary to carry 
further the design for the case of 
Fig. 9-226. The final network for 
this case will be the dual of the 
network resulting from the func¬ 
tions of Fig. 9-22a. 

The product LJj h is fixed by 
making the image impedance equal 
to unit y at z ero frequency. The 
ratio y/La/Lb specifies the location 
of the peak of infinite attenuation, 
since a = °o for y/ZJZ b = 1. 
If a — oo at o> = oo, it follows that 

L a = Lb = 1. (121) 


This means that the functions Z a and Z b of Fig. 9-22o are tangent at 
infinity where their slope is equal to unity. The resulting lattice is 



Fio. 9-23.—Transformation of lattice in Fig. 9*22 a to an equivalent ladder structure. 

shown in Fig. 9-23o. This lattice can be developed following the method 
described in Figs. 9-21 and 9-22. First of all, the inductance is taken 
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out; the remaining capacitances in the 6-arms of the lattice are in parallel 
and can be lumped together. These steps are shown in Figs. 9*236 and c. 
The dual network resulting from the functions of Fig. 9*226 is shown in 
Fig. 9*24. The propagation function for both filters is given by 


1 + - 

y — 2 tanh -1 - J 03 — = In-——• (122) 

Vi - « 2 i - 

\/l — w 2 

The image impedance for the filter of Fig. 9*23 is 

Wvc = Vl - « 2 , (123) 


o—- T - o 


Fig. 9-24.—^Lad¬ 
der equivalent of 
lattice structure 
shown in Fig. 9-226. 


and for the filter of Fig. 9*24 the image impedance is 


W 2k = 



(124) 


Plots of these functions are shown in Figs. 9*25a and 9*266. It will be 
noticed that the half sections obtained by bisecting the filters of Figs. 




Fig. 9-25.—Image parameters for structures shown in Figs. 9-23 and 9-24. 

9*23c and 9*24 are identical. It follows that the image parameters of the 
nonsymmetrical filter shown in Fig. 9*26, are 

Wv. = (126) 

W 2k = —J=’ (126) 

V 1 — CO 2 

ju 

j- 1 ln 1 + A/nr “ 5 

Vi - u 2 2 i _ ** 

Vi “ 0)2 


Tfk/% = tanh" 1 


(127) 
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The power-loss ratio for the filter of Fig. 9-23c can be computed by 
substituting Eqs. (122) and (123) in Eq. (84), after noting that 

tanh 2 ^ 

sinh 2 7 * = ^ = ~4w 2 (l - co 2 ). (128) 

(l-tanh 2 ^) 

Thus, after some algebraic manipulation, one finds 

K = 1 + "*• (129) 

The same expression is found for the filter of Fig. 9-24. 

The power ratio for the half section of Fig. 9-26 is found by sub¬ 
stituting Eqs. (125) and (127) in Eq. (89) and noting that 



Po 

Pl 


(131) 


The filters of Figs. 9-23c, 9-24, and 9-26 are usually referred to as 
i “constant-*;” structures. The name originates from 

the fact that the ratio k of the impedances of the 
series branch to the impedance of the shunt branch is 
a constant independent of frequency. 

9 of9- 11 - m-derived Filters.—The physical meaning 
tures shown in Figs, of the well-known process of m-derivation becomes 
9-23c and 9-24. evident when the operation is performed on a 
lattice structure such as the one of Fig. 9-27a. The impedance Z a is 
multiplied by a positive constant m, while the impedance Z b is divided 
by the same constant, as shown in Fig. 9-276. The image impedance 
which depends on the product of the 
two new impedances Z' a — mZ a and 
Z’ h — Z h /m remains unchanged. The 
cutoff frequency also remains un¬ 
changed. The ratio ZJZ^ on the 
contrary, is multiplied by m 2 : 




VJK = m 2 (Z a /Zb). 


(132) 


Fig. 9-27.—Illustration of wi-derivation 
of a lattice structure. 


It follows that the ratio ZJZ’ h can be made equal to unity at any desired 
frequency in the attenuation band by properly adjusting the value of nt. 
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In other words, since a = » for Z'JZ' b = 1, a peak of infinite attenuation 
can be produced at any desired frequency in the attenuation band. 

Application of this process of w mm 

m-derivation to the lattice of Fig. 

9-23o leads to the lattice of Fig. 9-28a 
which can be developed into the T-sec- 
tion of Fig. 9-286. In this particular 
case, m must be smaller than unity 
since Z a is larger than Z b . The func¬ 
tions Z' a and Z b are plotted in Fig. 

9-29. The peak of infinite attenuation occurs at a frequency given 
by the solution of the equation 



Fig. 9-28.—Two equivalent forms for 
m-derivation of lattice in Fig. 9-23o. 


Z' 


which yields 


A - 1 

s 


: 1 , 


The attenuation for m — » becomes 


«k( 00 ) = 2 tanh -1 m = In 


1 + m 
1 — m 


(133) 

(134) 

(135) 


The propagation function y km = a -f is plotted in Fig. 9-30. 

The process of m-derivation may also be 
applied to the filter of Fig. 9-24. The result¬ 
ing network shown in Fig. 9-31 is the dual 
of the network of Fig. 9-286. The image 
impedance of this filter is still given by Eq. 
(124) and its propagation function is the 




Fig. 9-29.— Z' a and Z'b for 
the m-derived section shown in 
Fig. 9-28. 


Fig. 9-30.—Propagation function 
of an m-derived section. 


same as for the filter of Fig. 9-286. The power-loss ratio turns out to be, 
for both types of m-derived filters, 
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HiSH 

-CD - 


— = 1 H- 

P L + 1 • 


m 2 o > 6 


(136) 


(1 - m 2 )co 2 

It is interesting to note that the ratio 
at the cutoff frequency (&> = 1) is 
still equal to 2 as for the original 
filters of Figs. 9-23c and 9-24. 

The process of m-derivation is 
traditionally performed directly on 
the T- and ^-structures as shown in Fig. 9-32a and b. The lattices of Fig. 
9*27 can be developed into the T- and ^-structures of Fig. 9-32, ^provided 
the following identifications are made: 


Fig. 9-31.—Dual of network shown 
in Fig. 9-286 developed by m-derived 
filter shown in Fig. 9-24. 


z 1 1 

(137) 


(138) 


It is seen that in the nonsymmetrical filters shown in Fig. 9-33 and 
obtained by bisecting the m-derived filters of Figs. 9-286 and 9-31, the 
image impedances W xk are still equal to the image impedances of the 



a b 

Fig. 9-32.—Traditional method of performing m-derivation on a T- or ir-structure. 



to) (b) 

Fig. 9-33. —Two derived half sections corresponding to filters shown in Figs. 9-286 and 9-31. 

original constant-fc structures, and the propagation function y km /2 is half 
of the propagation function of the m-derived filters. The image imped¬ 
ances W 2 km and Wum are 


= 1 = wa i - “*(i - «*)], 


(139) 




Sec. 9-11] 


m-DERIVED FILTERS 


575 


W\ k , 


Vl - to 2 _ Wvc 

1 — w 2 (l — m 2 ) 1 — (1 — w 2 )« 2 


(140) 


It follows that if two identical half sections are connected in cascade as 
shown in Figs. 9-34a and b, the resulting symmetrical filters will have 
image impedances equal to W 2 * m and W lkm , respectively, and propagation 
functions equal to y km as for the w-derived filters. 



The two image impedances W lkm and W 2km are plotted in Fig. 9*35. 
It is evident that these functions approximate unity better over the pass 
band than do W kk and W 2k - The process of w-derivation and bisection 
can be carried further by using the structures of Fig. 9-34 as starting 
points. The resulting structures can be again m-derived and bisected, 
and so on. This procedure leads to filters 
whose image impedances approximate 
unity to a better and better degree, over 
the pass band, and whose propagation 
functions have more and more peaks of 
infinite attenuation. 

It must be pointed out, however, that 
the image impedance and the propagation 
function cannot be specified independently. 

In practice, image impedances resulting 
from more than one, or at most two, 
w-derivations are used very seldom. As 
far as the propagation function is con¬ 
cerned, the desired number of infinite 
peaks of attenuation is obtained by cas¬ 
cading w-derived sections having different Fl ° ae 9 c tionTshown “S® ° f 
values of These sections have sim¬ 
ple constant-/b image impedances. If w-derived impedance is desired 
for the whole network, one section is bisected and the two half 
sections are placed at the two ends of the network as shown in Fig. 
9*36. The propagation function for this network is the sum of the 
propagation constants of the individual sections. The image impedance 
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of the whole network is equal to TF 2 * m . The image impedances of the 
individual sections at the four junctions are all equal to TFi*. If the 
image impedance and the propagation function have to be specified 
entirely independently, the lattice method of design must be used. This 
is particularly true when the required image impedance is not a simple 
function. 



9*12. Limitations on the Use of Image Parameters.—The image- 
parameter method of design fails when the design specifications are so 
strict that the effect of mismatched terminations cannot be neglected. 
In order to estimate the order of magnitude of such effects, the power 
ratio in the pass band must be considered. This quantity, given by 
Eq. (85), depends on the product of (Zi — 1/Z/) 2 and sin 2 /?. The 
quantity (Z t — 1/Z/) 2 becomes infinite at the cutoff while sin 2 /? becomes 
zero. It has already been pointed out that the limit of the product of 
these two quantities is finite at the cutoff. In other words, the large 
value of (Zi — l/Zi) 2 is balanced by the small value of sin 2 /?. However, 
if /? changes so fast that sin 2 /? becomes unity one or more times while 
(Zi — l/Zi ) 2 is still large, sizable peaks of insertion loss will result. 

For a given image-impedance function and a given pass band, the 
tolerance on the loss depends primarily on the total change of /? in the 
pass band, assuming for the moment that the rate of change of /? is fairly 
constant. In fact, the larger the number of frequencies at which sin 2 /? 
becomes equal to one, the closer one of these frequencies will be to a 
cutoff point. The number n of these frequencies is equal to one plus 
the number of poles and zeros of \/ Z a /inside the pass band, (the 
cutoff points and the points o> = 0 and a — «> excluded), since /? becomes 
equal to an integral multiple of ic every time \/ ZJZ^ vanishes or becomes 
infinite. On the other hand, these poles and zeros are the parameters 
controlling the behavior of a in the attenuation band. For instance, the 
number of infinite peaks of attenuation, that is, the number of roots 
of the equation \/Z a /Zr, — 1 corresponding to real positive values of «, 
can be at most equal to n. It follows that a large change of j8 is unavoid¬ 
able when a has to be very large in the attenuation band. 

When the behavior of the propagation function is considered in more 
detail, it is found that the rate of change of /? in the vicinity of a cutoff 
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frequency is usually larger than its average value over the pass band. 
This is particularly true when the attenuation rises steeply on the other 
side of the cutoff. This fact makes the situation even worse as far as the 
tolerance in the pasB band is concerned. 

It may be concluded that, for a given image impedance, the tolerance 
in the pass band limits the attenuation in the rejection band and vice 
versa. In particular, there is an upper limit to the number of m-derived 
sections with a specified image impedance that can be placed in cascade 
if the loss in the pass band has to be kept within a specified tolerance. 
This tolerance can be improved by a better choice of image impedance 
but only at the expense of added complexity in the sections. A special 
case will be considered more quantitatively because of its practical 
importance in the microwave field; it is a filter composed of n identical 
sections in cascade. Let Z t and /3 0 be, respectively, the image impedance 
and the phase function of one section. The power ratio in the pass band 
is, for n sections, 

= l+i^Z,-iysin*nft,= 1+* (141) 

where 

«=£-i- ( 142 > 

Then the ratio of this quantity for n sections to the corresponding 
quantity for one section is given by 

i» = sin 2 rcfto Q43) 

6 ? sin 2 fio 

Plots of en/ei for n = 3, 5, and 10 are shown in Fig. 9-37. 

Let the sections be, for instance, of the constant-A; low-pass type. 
The power ratio for one section is given by Eq. (129). The quantity 
e? is then 

e? = to 6 . (144) 

The phase function /3 0 is given by Eq. (122) 

B 0 — 2 tan- 1 ■ “ ... = 2 sin” 1 w. (145) 

yl — to 2 

Plots of e 2 /e 2 for n = 3, 10, and « are shown in Fig. 9-38. Figure 9*39 
shows the insertion loss, in decibels, for n = 1, 10, and 00 . It is evident 
from these curves that the pass-band tolerance becomes progressively 
worse as n is increased. 

The analysis of filters consisting of several sections in cascade has 
been carried out for the particular case of symmetrical sections. The 
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results, however, can be extended to the case of nonsymmetrical sections, 
provided the image impedances for any two pairs of terminals which are 
joined together are identical. The case of nonsymmetrical sections, 
however, is not sufficiently important to deserve a detailed analysis. 

It is evident from the preceding discussion that, for a given image 
impedance, bandpass tolerances smaller than several decibels will be 
difficult to obtain by the image-parameter method if high attenuation 
in the stop band is required. Such a, tolerance is not objectionable in 
many low-frequency filters in which the tolerance is usually determined 
by the maximum allowable distortion of the signal, and very seldom by 
loss considerations. Unfortunately, the situation is otherwise in the case 
of microwave filters. In the first place, no satisfactory microwave 
amplifiers have been developed as yet, and consequently any reflection 

H-Pass band—-H 



Fig. 9-39.—Insertion loss for a cascade of constant-fc low-pass sections. 

losses in the pass band of a receiver filter are equivalent to a decrease in 
receiver sensitivity. Secondly, in microwave systems, and particularly 
in radar systems, it is often necessary to limit the frequency spectrum of 
the high-power transmitter. It turns out that the magnetron, which is 
the only high-power oscillator available at present, does not operate 
satisfactorily if the power reflected by the load is too large. In general, 
the power reflected must be less than of the incident power, correspond¬ 
ing to a voltage st anding -wave ratio of less than 1.5. Moreover, since 
allowance must be made for small reflections in other components of the 
transmitting system, it is desirable to use filters that, in the pass band, 
produce a VSWR smaller than 1.2, or in other words, that reflect less 
than about 1 per cent of the power. This means that, neglecting the 
effect of dissipation, the insertion loss should be less than 0.04 db in the 
pass band. The problem is made even more complex by the effect of 
incidental dissipation; the input VSWR or the input reflection coefficient, 
rather than the insertion loss, must then be kept within a specified toler¬ 
ance. Such bandpass tolerances can be achieved with the image- 
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parameter method only by using an image impedance that approximates 
unity sufficiently well within the pass band. Thus as the tolerance 
becomes stricter, one is forced to use more and more complex sections to 
achieve the required image-impedance function. In principle, such a 
procedure may always be carried out; but as the sections become more 
involved, one encounters practical problems of manufacturability, par¬ 
ticularly in the case of microwave filters, where mechanical design is 
complicated by the distributed nature of the components. Even then it 
is apparent that the components have not been used in the most efficient 
manner, since the design procedures based on the image-parameter 
method do not lead to uniformly distributed tolerances in insertion loss 
over the pass band. Of course, one may attempt to achieve a more uni¬ 
form tolerance by cut-and-try manipulation of the basic design, but such 
a procedure is very tedious and often fruitless. Consequently, in the 
case of strict design requirements, when reflection losses can no longer 
be neglected, a method for directly synthesizing a network having a 
prescribed insertion loss becomes necessary. Such a method is described 
in the succeeding sections. 

REACTIVE NETWORKS WITH SPECIFIED INSERTION LOSS 

A design procedure 4 which does not suffer from the drawbacks of the 
image-parameter method has been developed for nondissipative networks 
by S. Darlington* of the Bell Telephone Laboratories. This method 
permits the determination of the elements of a reactive network from a 
knowledge of its insertion loss for specified resistive terminations. In 
the following discussion each termination, that is, the load resistance and 
source resistance, is assumed to be equal to 1 ohm. This assumption 
does not limit the generality of the results since either termination can 
be made independently equal to any desired value by means of appro¬ 
priate changes of impedance level. 

9» 13. Physical Realizability of Insertion-loss Functions.—The first 
question to be considered is the physical realizability of the insertion-loss 
function. It is evident that not every function of frequency can be the 
insertion loss of an actual network. Therefore, it is necessary to deter¬ 
mine what restrictions must be imposed on a function of frequency in 
order to guarantee the existence of a network with such an insertion loss. 
The following analysis is limited to linear passive networks consisting of 
lumped elements only. 

First will be considered the conditions of physical realizability for a 
two-terminal-impedance function. It can be shown that any impedance 
(not necessarily reactive) must be a real function Z(jo>) of the imaginary 

* The following discussion of Darlington’s method, which diverges somewhat from 
the original presentation, is due to E. A. Guillemin. 
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variable ju, and that this function is the ratio of two finite polynomials. 
A considerable amount of information about this function can be obtained 
by studying its behavior over the whole complex plane instead of on the 
imaginary axis only. Therefore, let p be a complex variable, 

p = a + ju. (146) 

The function Z(p), which coincides with the physical impedance for 
a = 0, is a real function of the complex variable p. Since Z{p) is the ratio 
of two finite polynomials, it is a rational meromorphic function. 

By making use of the fact that the network is passive, it can be shown 
that Z(p) must be a positive real function (p.r.); that is, it must satisfy 
the condition 

Re [Z{p]] £ 0, for a ^ 0. (147) 

Several properties of Z(p) can be derived from this condition. The most 
important of these properties is that Z(p) has no poles or zeros in the 
right half of the complex plane. In other words, the roots of the two 
polynomials of which Z(p) is the ratio have nonpositive real parts. 

Brune 2 showed that the p.r. condition is sufficient as well as necessary. 
In other words, any rational meromorphic function which satisfies Condi¬ 
tion (147) is necessarily the impedance of a physical network. Brune 
proved this theorem by developing a method of determining the elements 
of a two-terminal-pair network having the prescribed impedance. Dar¬ 
lington 4 gave a different proof of this theorem and, at the same time, 
showed that any dissipative impedance can be realized by means of a 
nondissipative two-terminal-pair network terminated in a pure resistance. 
This second theorem forms the basis of the new direct method of filter 
design, by permitting the determination of a nondissipative filter having 
any given input impedance when a pure resistance is connected to the 
output terminals. This output resistance can always be made equal to 
1 ohm by means of an ideal transformer. 

The input impedance, however, is not a convenient function to specify 
in the case of a filter. It is necessary, therefore, to develop a method of 
obtaining the input impedance from the insertion loss and, at the same 
time, to derive the conditions of physical realizability for the insertion 
loss from the conditions that must be satisfied by the input impedance. 
This problem has to be solved before the synthesis procedure can be 
discussed. 

In the network of Fig. 9-40, the voltage reflection coefficient T(p) at 
the input terminals is given by the well-known expression 
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where Z(p) is the input impedance of the nondissipative network ter¬ 
minated in a 1-ohm resistance. The right half of the Z-plane becomes, 
in the T-plane, according to Eq. (148), the region inside a circle of unit 
radius centered at the origin. In other words, the absolute value of 
r(p) is smaller than unity when the real part of Z(p) is positive. The 
imaginary axis of the Z-plane transforms into the circle of unit radius in 
the T-plane. Consequently, 

|r(p)| ^ 1 for Re [Z(p) ] ^ 0. (149) 


Since Z(p) is a positive real function, this inequality becomes 

1 ,-, |r(p)| ^ 1 for <r ^ 0. (160) 

Conversely, if the absolute value of 
r(p) is smaller than or equal to one, 
the real part of Z(p) must be positive 
or zero. It follows that if Eq. (160) 
is satisfied by an arbitrary function 
r(p), the corresponding function Z(p) 



Fig. 9-40. —Two-terminal-pair network 
with input impedance Z. 


is necessarily positive real. Of course, r(p) must be a rational mero- 
morphic function in order that Z(p) may be the impedance of a lumped- 
element network. 

It can be shown that if a function of a complex variable is regular in 
a region S, its absolute value at any point of S is smaller than or equal to 
the maximum absolute value over the boundary of S. This theorem 
can be applied to the function T(p) which must be regular for a ^ 0. 
Let S be the entire right half of the p-plane. Then, if the absolute value 
of r(p) is smaller than or equal to one over the boundary of S, that is, if 


then 


|r(ico)| l, 

|r(p)| £ 1, forer^O. 


(151) 

(152) 


To summarize, if r(p) is a rational meromorphic function which is regular 
in the right half of the p-plane and satisfies Eq. (151), then the function 
Z(p) defined by Eq. (148) is positive real and consequently is a physically 
realizable impedance. 

The fact that Eq. (151) has to be satisfied is physically obvious, since 
the fraction of the incident power which is reflected at the input to the 
network at real frequencies, |r(j«)| 2 , cannot be larger than 1. Equation 
(151), however, is a necessary but not a sufficient condition, since r(p) 
must also be regular in the right half of the plane. 

The power-loss ratio is defined as the ratio of the power available 
from the source to the power delivered to the load. Since the two- 
terminal-pair network of Fig. 9-40 is nondissipative, the power reaching 
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the load is the difference between the power incident from the source and 
the power reflected. It follows that the power-loss ratio is 


p L l - |r(jw )| 2 = A - 

The insertion loss for equal terminations is simply 


(153) 


L = 10 log 10 |- 0 - 

r l 


(154) 


Since r(j'co) is a real function of ju, the square of its magnitude must be 
an even real function of w, that is, a real function of w 2 : 


|rQ'o )| 2 = r(j») -r(-jw). (i«) 

Moreover, r(p) is a rational meromorphic function of p, and must satisfy 
Eq. (151). It follows that |r(j'co )| 2 must be of the form 


|r0 '«)| 2 


M(co 2 ) 

N(a> 2 ) + M{o> 2 ) 


(156) 


The polynomials M(w 2 ) and N(u 2 ) must be real and nonnegative for all 
real, nonnegative values of w 2 . In terms of these quantities, the power- 
loss ratio becomes simply 


P„ N(w 9 ) + M(o> 2 ) _ , , M(o> 2 ) 
Pl - N(w 2 ) ^ N(w 2 ) ' 


(157) 


It will be shown later that N(w 9 ) must be the square of either an even 
or an odd polynomial in w. This condition, however, can be satisfied 
without imposing any further restriction on the function representing the 
power-loss ratio. In fact, it is sufficient to multiply both the numerator 
and the denominator of Eq. (157) by all the root factors of N(w 2 ) that 
have odd multiplicity. It follows that no loss of generality results from 
rewriting Eqs. (156) and (157) as follows: 


and 


Po _ P(o> 2 ) + Q 2 (co) _ PM 
Pl ~ Q 2 (”) Q 2 (”)’ 


(158) 


|rO'co )| 2 = 


P(q> 2 ) 

P(co 2 ) + Q 2 («) 


1 + 


Q 2 (y>) 

P(o> 2 ) 


(159) 


The even polynomials P(w 2 ) and Q 2 (oj) must be real and nonnegative for 
all real values of w. 

9*14. Determination of Input Impedance from a Prescribed Insertion 
Loss.—It remains to be shown that for any function of the type repre¬ 
sented in Eq. (159) it is possible to find a function T(p) which is regular 
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in the right half of the p-plane. In other words, it must be shown that 
the conditions imposed on |r(jto )| 2 are sufficient, as well as necessary, for 
the determination of r(p). This proof will consist of giving a method for 
obtaining from |r(jto )| 2 a function r(p) which is regular in the right half 
of the p-plane. 6 Let 


T(p) = 


Ui + Vi 
Ui + Vi 


(160) 


where ui, Ui are even functions of p, that is, polynomials with even powers 
of p, and Vi, a 2 are odd functions, that is, polynomials with odd powers of 
p. It follows from Eq. (159) that 

(161) 


|r(*o)l : 


- 4iv 


(ui + t;i)(tii — y x ) I 

_(W2 + Vi)(Ui — Vi) Jp= 


P(a, 2 ) 

' P(o> 2 ) + Q 


By substituting — p 2 for « 2 in P(to 2 ) and Q 2 (a>), the following two equa¬ 
tions are obtained 


P(—p 2 ) = (ui + vO(mi — Vi ), (162) 

P(~p 2 ) + Q 2 (~jp) = (ui + Vi)(ui — Vi). (163) 

It should be noticed that, for p = ju, (ui — Vi) and (w 2 — Vi) are con¬ 
jugates of (wi + Vi) and (w 2 + Vi), respectively. 

First, the function w 2 + v 2 will be determined. The polynomial of 
Eq. (163) can be expanded in a product of root factors as follows: 

P(-P 2 ) + QK-3P) = *(P 2 ~ P?)(P 2 - Pi) • • * (P c ~ Pi), (164) 

where A; is a real constant and pf, pf, p 2 are the roots of the polynomial in 
the variable p 2 . The roots pi can be either real or complex. If they are 
complex, they must be present in conjugate pairs pi and (pi) *, since the 
coefficients of the polynomial are real. Any pair of conjugate roots 
results in two root factors which can be expanded as follows: 

[p 2 - pf][p 2 - (pi)*] - [(P - P,)(P - P?)][(P + P,)(P + P*)l (165) 

The location in the complex plane of the four p-roots resulting from the 
pair of conjugate p 2 -roots is shown in Fig. 9-41. On the imaginary axis, 
that is, for p = ja>, the product (p — p„) (p — p*) is the conjugate of 
the product (p + p„) (p + p*). In fact, these products can be developed 
as follows: 

(P ~ P*)(P ~ P*) = [—** + i(" — o>,)][—a, + j(ta + a>„)] 

= [o* - (a , 2 - a, 2 )] - jW,, 

and 

(p + P»)(p + P*) = 4- j(« + u»)][<rp + i(“ — “»)] 

= [a* - (<o 2 - «*)] + 


(167) 
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Therefore, the right-hand side of Eq. (165) can be split into two parts, as 
indicated by the square brackets, which are conjugate on the imaginary 
axis. The product of these two parts is thus real and positive for p = ju. 
Any double real p 2 -root is a degenerate case of a pair of conjugate roots 
to which Eqs. (166) and (167) are applicable. 

It follows that the corresponding root factor 

[p 2 - pi] 2 = [(p - p,)(p + P*)] 2 (168) 

is nonnegative for p = jco. 

Any negative real root, pi = (jw,) a , must 
be of even multiplicity. In fact, if the root 
were simple, the factor [—co 2 + « 2 ] would be 
negative for w 2 > w 2 and positive for w 2 < oil 
and thus violate the assumption that 
P(w 2 ) + Q 2 (o>) is nonnegative for nonnegative 
values of co 2 . 

Any nonnegative real root p 2 = c\ of odd multiplicity results in a 
factor (p 2 — cl) which is negative or zero for p = jo>. Since 

P(co 2 ) + Q 2 (co) 

is nonnegative by assumption, the total number of nonnegative real roots 
of odd multiplicity must be even; otherwise the constant k of Eq. (164) 
must be negative. Since (p 2 — cl) is negative, it is obviously impossible 
to express it as the product of two conjugate root factors. However, 
it is possible to associate a minus sign with all such roots provided a 
minus sign is also associated with k when the number of such roots is odd. 
Any such factor can then be expanded into a product of two factors which 
are conjugate for p = jo> 

— (p 2 — c 2 ) = [—(p — <r„)][p + v,]. (169) 

This product is, of course, real and nonnegative for p = ju. 

It can be concluded that Eq. (164) can be written as the product of two 
groups of factors that are conjugate on the imaginary axis of the p-plane. 
Because of this property, the two groups can be identified with the two 
polynomials (w 2 + v 2 ) and_ (w 2 - t> 2 ). Each polynomial contains, as a 
multiplier, the constant -\/k if k is positive, or y/—k if A; is negative. The 
two conjugate factors resulting from any pair of conjugate p 2 roots 
(double real roots included) or from any single nonnegative real root can 
be placed arbitrarily in either polynomial. However, all the zeros of 
the polynomial (w 2 + v 2 ) must be in the left half plane since the function 
T(p) must be regular in the right half plane and on the imaginary axis. 
Therefore, all the factors (p ± p„) in which the real part of (±p„) is 
negative must be placed in the polynomial (w 2 + t> 2 ), and all the other 





a 

•K 

-JV 

Fig. 9-41.—A 

quadruplet of 


conjugate roots. 
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factors, in which the real part of (±p„) is positive, are placed in the 
polynomial (w 2 — v 2 ). The real part of the p„ can never be zero; that 
is, there cannot be any negative real root pi = — <4, for then 

PM +Q 2 (o>) 

would vanish and r(j«)| 2 would become infinite for « = contrary to 
the assumption made at the beginning of this discussion. 

Equations (165), (168), and (169) ensure that the separation of the 
two polynomials can be performed. Therefore, the polynomial (w 2 + v?) 
in the variable p can be determined in all cases from the polynomial 
P(« 2 ) + Q 2 ((o) by following the procedure outlined above. This pro¬ 
cedure does not present any difficulty once the pi roots of 

P(-p 2 ) + QK-jp) 

are known. The polynomial (u\ + Vi) can be determined in the same 
manner from the function P(« 2 ). In this case, however, the zeros of 
(ui + Vi) can be anywhere in the p-plane. It follows that the poly¬ 
nomials (wi + Vi) and (u 2 + v 2 ) can be separated in more than one way, 
and, therefore, the result is not unique. In most practical cases, however, 
all the zeros of P(« 2 ) occur for real nonnegative values of « 2 , that is, the 
real part of all p ,,-roots is zero, and, therefore, the polynomial (ui + Vi) is 
unique. 

9*15. Specification of a Network with a Prescribed Input Imped¬ 
ance. —It may be concluded that a physically realizable function T(p) 
can be obtained in all cases from a power-loss function Po/Pz, which 
satisfies the necessary conditions discussed before. It follows that these 
conditions are sufficient as well as necessary. The requirement on the 
regularity of r(p) is automatically satisfied when the polynomial 

(w 2 + Vi) 

is properly determined. The input impedance of the nondissipative 
network of Fig. 9-40 can be found readily from T(p) by means of the 
equation 

yf \ _ 1 + T(p) _ (Ui + V-t) + (Ui + Vi) _ (Ui + Uj) + (iq + vz) n 7m 

i _ r(p) (w 2 + v 2 ) ~ (ui + Vi) (m 2 — Ui) + ( v 2 -vi) ' ) 

For convenience, let 

mi = u 2 + ui ni = v 2 + vi (171) 

m 2 = u 2 — Ui n 2 = v 2 — V\ (172) 

so that Z(p) can be written as 

Z(p) = nH+jii. (173) 

m 2 + n 2 
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At this juncture, further development depends on whether Q(oj) is even 
or odd. If it is assumed for the moment that Q(<*>) = Q(—p 2 ) is an even 
function, the input impedance can be expressed in terms of the open- 
circuit and short-circuit impedances of the nondissipative network as 




— + 1 

m i + n i Wi mi 

m2 + 7 i 2 W2 m 2 . j 

nz 


This equation leads to the identifications 


mi 

„ _ w 2 

«oc2 — -~" 
71/2 


V/2 + Ui 
V 2 — Vi 

Vi ~f~ v_i 
u 2 + Ul 

U2 — Ul 
V2 — Vi 


(174) 


(175) 

(176) 

(177) 


The three open-circuit impedances Zu, Z 12 , Z 22 and the three short-circuit 
admittances Fu, F 12 , F 22 can be obtained without difficulty from Eqs. 
(175), (176), and (177). Thus, 


nti _ U2 + ui 
n g _ v 2 — vi 

Z22 = 

m 2 u 2 — ui 

712 ~~ V 2 — Vi 


(178) 

\/ mim 2 — 7ii7i2 

V04 

- Ul) - to - *?) 

_Q(-P 2 ). 

(179) 

7H 


V2 — Vl 

V2 — Vl ' 

m 2 _ u 2 — ui 

Til ~ V2+V1 

Y22 — 

mi U2 ”1" Ui 

Til V2 + Vl 1 


(180) 

-y/miTTH — nin 2 

= VfoT 

- u\) - {v\ - v\) 

Qi-p 2 ) 

(181) 

Til 


V2 + Vl 

f>2 + «1 


It remains to be shown that the impedances and admittances defined 
above are separately physically realizable, and that they collectively 
satisfy the conditions of physical realizability for a two-terminal-pair 
reactive network. It can be shown by means of function theory that the 
ratio of the even part of either polynomial forming Z(p) to the odd part 
of either polynomial behaves exactly like a reactance function. This 
property results from the fact that Zip) is a positive real function. It 
follows that all the driving-point impedances and admittances defined 
by Eqs. (175) to (181), inclusive, are physically realizable. The poles 
of the transfer impedance Z 12 and of the transfer admittance Y 12 coincide 
with poles of Zu and Z22 and with the poles of Yu and F 22 , respectively. 
This property together with the fact that both numerators are even 
polynomials guarantees the physical realizability of Z 12 and Y i 2 . It 
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can be shown also that the residues *n, * 2 2 , *12 of Zn, Z 22 , Zi 2 for any one 
of their common poles satisfy identically the equation 

* 11*22 - *i 2 2 = 0. (182) 


This equation guarantees the physical realizability of the two-terminal- 
pair reactive network defined by Zn, Z 22 , and Z i2 . The same equation is 
satisfied by the residues of Y n , F 22 , and Fi 2 . 

It was pointed out, in connection with Eq. (157), that the polynomial 
N(o> 2 ) had to be the square of either an even or an odd po lynom ial Q(o>). 
Equations (179) and (181) justify this requirement since y/N (to 2 ) appears 
in the numerators of Z i2 and F i2 . Now Z i2 and F i2 have been shown to 
be physically realizable if Q( to) is an even polynomial, but this is not true 
if Q(u)) is an odd polynomial. In fact, the ratio of two odd polynomials 
is an even function and, therefore, cannot be physically realized as a 
transfer impedance or a transfer admittance. When Q( to) is equal to 
Q(—jp), an odd function, Eq. (174) may be manipulated in an alternative 
fashion to obtain 


Z{ V ) = Zoc 1 


z» +1 

Zoc2 + 1 


mi + Wi 

m 2 + n 2 


The following identifications can be made: 


”' + 1 

Wl Wi 


m 2 n2_ 
m 2 ‘ 


Zoc 1 = 
Z*c2 = 
Zoc 2 ~ 


ni _ v 2 + Vi 
m 2 u 2 — U\ 

mi _ u 2 + Ui 

n\ v? + V\ 
n 2 _ v 2 — Vi 
m 2 u 2 — ui 


(183) 


(184) 

(185) 

(186) 


Equations (178) to (181), inclusive, are then replaced by 


7 ni v 2 + vi „ n 2 v 2 — z»i 

Zn = — = - y Z 22 = — = - } 

m 2 u 2 — u 1 m 2 u 2 — Ui 

Z 12 = V^ 1^2 — mim 2 = y/—Q\—jy) = jQj—jy) . 

m 2 u 2 — Ui u 2 — Ui ’ 

V _n 2 v 2 — v 1 ni v 2 + v x 

X 11 — - = -;- } Jr 22 = - = -;- ) 

mi u 2 4- Ui wii u 2 4- Ui 


Y = Vnjn 2 - mim 2 = V~Q 2 (-jp) _ jQ(-jp) 
' 11 mi u 2 4 Ui U 2 + Ui 


(187) 

(188) 

(189) 

(190) 


The numerators of Zi 2 and F X2 are odd functions of p. It should be noted 
that the imaginary unit results from the fact that Q(~jp) is an even func¬ 
tion of p multiplied by —jp. The denominators of Z X2 and Fi 2 are even 
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functions of p. It follows that Zi 2 and Yu are odd functions of p, and 
are, therefore, physically realizable. It can be shown that also in this 
case the residues of Zn, Z 22 , and Zi 2 at any common pole satisfy Eq. 
(182). The same is true for the residues of Y n, Y 22 , and Y i 2 . It follows 
that the nondissipative network defined by Eqs. (187) to (190) is physic¬ 
ally realizable. 

9.16. Summary of the Method of Designing Reactive Networks with 
Specified Insertion Loss.—The major steps in the design of a reactive 
network with specified insertion loss are summarized below for the 
convenience of the reader. 


1. The input impedance Z(p) must be a rational meromorphic func¬ 
tion which is positive real. 

2. In order to satisfy Condition (1), the reflection coefficient r(p) 
must be a rational meromorphic function, regular in the right half 
plane and satisfying the inequality 


|r(p)| S 1 for a ^ 0. 

3. Condition (2) can always be satisfied if 

Po , , MM 

pi~ ^ nw 


(191) 

(192) 


where the polynomials M and N are nonnegative for real values 


of o>. 
4. If 


N( <o 2 ) = Q 2 (<o), 


(193) 


then by writing 


r (p) 


Ui + Vl 

Ui + Vi 


(194^ 


where Ui, Ui are even and v i} v% are odd functions of p, it is possible 
to determine (ui + Vi) and (w 2 + v 2 ) from the roots of the polyno¬ 
mials P(<o 2 ) + Q 2 (w) and P(« 2 ), respectively. 

5. Finally, from u h v h w 2 , v 2 it is always possible to determine at 
least one set of open-circuit impedances (or short-circuit admit¬ 
tances) specifying a two-terminal-pair reactive network having 
the prescribed power-loss ratio P 0 /Pi- Succeeding sections will 
discuss the appropriate selection of the power-loss-ratio function 
and the synthesis of the two-terminal-pair reactive network speci¬ 
fied above. These steps will complete the solution of the original 
synthesis problem. 


SELECTION OF POWER-LOSS RATIOS 
9*17. Selection of Polynomials P(o> 2 ) and Q 2 (o>).—The selection of 
the polynomials P(o> 2 ) and Q 2 (o>) depends on the purpose for which the 
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filter is designed. Moreover, practical considerations concerning the 
physical structure of the filter may place further requirements on the two 
polynomials. Microwave filters are designed, at present, to provide 
frequency discrimination without regard to transient response. It 
follows that the ratio Pi/P<> must approximate unity in the pass band and 
zero in the attenuation band. Physical intuition tells one that the best 
function for this purpose is that for which all the minima, in the pass band 
are equal and all the maxima in the attenuation band are equal. More¬ 
over, it seems evident that there should be as many frequencies of zero 
loss (Pl/Pq = 1) and infinite loss (Pl/P 0 = 0) as the degrees of the 
polynomials used permit. Since the zeros of P(to 2 ) are evidently fre¬ 
quencies of zero loss and the zeros of <2 2 («) are frequencies of infinite loss, 
it follows immediately that all the to 2 roots of P(to 2 ) and Q 2 (co) should be 
real and nonnegative. Fortunately it turns out, as will be shown later, 
that this condition guarantees that the network will be physically 
realizable in the convenient form of a ladder structure. The numbers of 
zeros of P(to 2 ) and <2 2 («)» that is, the degrees of the polynomials, can be 
specified independently. Therefore, it seems logical to consider first 
the case of Q 2 (u) = 1. The case of P(to 2 ) = 1 can be treated in a similar 
manner. If <2 2 («) = 1, the loss can be infinite only for « = oo, when 
P(w 2 ) becomes infinite. All the zeros of the polynomial P(« 2 ), on the 
other hand, must be in the pass band and must be separated by equal 
maxima. These requirements can be met by using Tchebysheff poly¬ 
nomials of the first kind, properly modified for this purpose. 

9*18. Tchebysheff Pass-band Behavior. —Consider the function 

T„(w) = cos (n cos - ' 1 to) = Re [(&> + j Vl — « 2 )*]. (195) 

This function oscillates between — 1 and 1 as tois increased from — 1 to 1. 
At the two ends of this band, 

P«(1) = 1, ) 

TJ- 1 ) - f _1 forwodd ’ } < 196 ) 

' l 1 for n even. J 

The n zeros of T„(w) occur for |to| < 1 . When |to| > 1 , cos -1 to is imagin¬ 
ary, and the magnitude of T n (w) becomes larger than unity and, in fact, 
approaches infinity as the nth power of to. 

The right-hand side of Eq. (195) can be expanded in the form of a 
polynomial for integral values of n. The recurrence formula 

TVn = 2o)T n - TV-1 (197) 

provides an alternate method of obtaining the same polynomials. Table 
9-3 gives these polynomials for values of n from 1 to 8. The polynomials 
T»(o>) and T 4 (a>) are plotted in Fig. 9-42. 
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Table 9-3.—Tchebysheff Polynomials 
Ti(«) = «. 

Ts(o>) - 2co* - 1. 

T,(«) = 4<o* - 3«. 

T 4 (oo) = 8« 4 - 8ft)* + 1. 

T 6 (ft)) = 16ft) 5 - 20ft) 8 + 5w. 

Tg(ft)) = 32ft)* - 48« 4 + 18ft)* - 1. 

T 7 (ft)) = 64<o 7 - 112w 8 + 56ft)* - 7<o. 

T s (ft)) = 128<o 8 - 256ft) 6 + 160w 4 - 32<o* + 1. 

The T n (u) functions, when squared and multiplied by an arbitrary 
positive constant h 2 , provide polynomials suitable for use as P(to 2 ) in the 



Fig. 9-42.—Plots of the functions T$(a) and Tt(w). 


case of low-pass filters. In fact, h 2 T 2 {u) is an even polynomial whose 
value oscillates between zero and h 2 in the band — 1 < to < 1. All the 
to 2 roots are real and positive since they coincide with the n roots 

T»(to) = 0. 

The power-loss ratio and the square of the magnitude of the reflection 
coefficient are then 
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g = l+P(a> 2 ) 


l r 0‘ o >)| 2 = 


1 +P(«>) 


i + ^M 

h?Tl(o>) 

i + h*T*(u,y 


(198) 

(199) 


The functions T% and T\ are plotted in Fig. 9-43. The tolerance of the 
power-loss ratio P 0 /P L in the pass band is 


e 2 = h?. 


( 200 ) 


For small values of A 2 , the maximum insertion loss in the pass band is 
approximately 

Lmmx « 4.23 h\ (201) 

For large values of &>, the power ratio approaches the asymptotic value 



1 TG. 9-43.—Plots of the functions ?**(«) and 
ZV(«). 


It follows that the ratio of this 
asymptotic value to the tolerance 
in the pass band is independent of 
A 2 since 

M&L-3 <*>*■• (203) 

Thus, the tolerance in the pass 
band can be improved only at the 
expense of the loss in the attenua¬ 
tion band, or vice versa. The 
integer n may be considered as an 
over-all figure of merit of the 
filter. It can be shown that no 
polynomial P(&> 2 ) of 2n degree in 
to can lead to a ratio 



larger than i(2o>) 2n . 


Once P(co 2 ) is chosen, its zeros 
must be found together with the zeros of the polynomial 1 + P(« 2 ), as 
required by Eqs. (162) and (163). Fortunately, Eq. (195), which defines 
the function T n (u>), permits a direct determination of these zeros. The 
double zeros of h 2 7 72 (to) occur for 



n cos -1 u 


(m - 0, 1, 2, • • • . n - 1); (204) 
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that is, for 

" ~ -if - 008 Qs + “ ')• f 20 ®) 

The zeros of 1 + h?Tl/o)) occur for 

cos (n cos -1 a>) = ±j jr; (206) 

that is, for 

n cos -1 ta — ^ — j sinh -1 ^ (m = 0,1,2, • • • , n — 1); 

(207) 

or 

- “ ~ [fe + ^-) - 0} <?“> 

9*19. Tchebysheff Behavior in the Attenuation Band. —The case of 
P(&> 2 ) = l can be treated in the same manner, and leads to Tchebysheff 
behavior in the attenuation band. The polynomial hT n (u>) can be 
identified with Q(u>) so that the power ratio becomes 

S = 1+ eir 1+ TO- (209) 

The corresponding expression for the square of the magnitude of the 
reflection coefficient is 

l r (i")l 8 - i + Qi( u ) = l + (210) 


The function h*T*Xo») is small for |a>| < 1 and large for |«| > 1 so that the 
ratio Po/Pl approximates unity at high frequencies. The filter having 
such a power-loss ratio is, therefore, of the high-pass type. The zeros 
of 7*(a>) yield peaks of infinite loss; Po/Pl on the other hand approaches 
unity at high frequencies when ^ 2 TJ(a>) approaches infinity. The 
minima of Po/Pl for |a>| < 1 are all equal to the value of the ratio for 
w = 1. 



A low-pass filter may be derived from the high-pass filter by following the 
procedure discussed in Sec. 9*8, or by substituting — 1/a/ for a> in Eq. 
(209) to obtain 


Po 

Pl 


1 + 




( 212 ) 
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Consider now the case in which both P(« ? ) and Q 2 («) differ from unity, 
that is, the case in which there are several frequencies of infinite loss as 
well as several frequencies of perfect transmission. The desired type of 
behavior for the insertion loss is shown in Fig, 9-44. Consider the 
function 


PM 


PM _ „ to ~ <**)*(*> I ~ *>*)* • ‘ • - * 2 ) 2 ,oi ON 

Q 2 to - n (1 - « S «*)*(1 - a > M 2 •••(!- < o 2 V - M 2 {ZL6) 


which satisfies the conditions of physical realizability for arbitrary 
positive real values of the a>l; it can be shown that this function has the 
desired Tchebysheff behavior in the attenuation band as well as in the 
pass band if the <4 are chosen as follows: 


10 


a _ 



(214) 


where A; is a positive real constant smaller than unity. The function 
sn(u) is the Jacobean elliptic function 7 of modulus k defined by the two 
equations 


u = 


sn(u) = sin <f>, 
f* dt 
Jo \/l — k 2 sin 2 £ 


(215) 

(216) 


The constant K is the complete elliptic integral of modulus k defined by 


K = 


/; 


■y/l — k* sin® £ 


(217) 


The insertion loss corresponding to the function defined by Eq. (213) is 
sketched for n — 2 in Fig. 9-44o. The maxima in the pass band (w < 1) 
are equal to the value of the function for « = \/k. 

4 = F(k) = P(0) = h 2 [(oiio s • • • tozn-i] 4 . (218) 

The minima in the attenuation band are all equal to 



(219) 


h? 


PM 


h 2 

PM 2 )' 


( 220 ) 


It follows from Eqs. (218) and (219) that the product 44 is fixed by the 
value of n, that is, by the degree of P(« 2 ) and Q 2 (w). Thus, 

44 = * • * «2n-l] 4 . 


( 221 ) 
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The value of k determines the width of the transition region between pass 
band and attenuation band. The width of this region is 


Aco 



1 — k 
y/k 


( 222 ) 


Evidently, a large value of k results in a sharp cutoff. When k ap¬ 
proaches unity, however, co„ approaches k, and consequently the product 
e*e| also approaches unity. Since this product is a measure of the toler¬ 
ance in both bands, it can be concluded that, for a given n, the rate of 
cutoff cannot be increased indefinitely except at the expense of increased 
tolerances. In addition to this theoretical limitation on the choice of k, 
there are certain practical limitations. First, the incidental dissipation 
is particularly effective in reducing the peaks of attenuation when such 
peaks are close to cutoff. In the second place, the adjustment of the 
filter elements is very critical when k is large. These factors should be 
taken into consideration in any practical design. 

The function F( co 2 ) whose corresponding insertion-loss function is 
sketched in Fig. 9-44a is the square of an even function of co. On the 
other hand, the function F'( co 2 ) that corresponds to the insertion-loss 
function sketched in Fig. 9-446 is the square of an odd function of co. Let, 
then, 


F' (co 2 ) = h 2 


co 2 (cof - co 2 ) 2 (col - co 2 ) 2 • • • (co 2 n - co 2 ) 2 
(1 - co 2 co 2 ) 2 (l - cola, 2 ) 2 •••(!- co| n co 2 ) 2 ’ 


(223) 


This function is seen to satisfy the conditions of physical realizability. 
Tchebysheff behavior can be obtained by choosing the coj as follows: 


CO 2 


= k sn 2 


vK 

2n + 1 


(224) 


Figure 9-446 is a sketch of the insertion loss corresponding to F'( co 2 ) for 
n = 2. 

The maximum values of F'(co 2 ) for |co| < 1 are all equal to F'(k) and 
are given by 


since 


£p = F'(k) = h 2 k[ 0 x 0 ) 30)5 - • • co 2 „_i] 4 , 


co 2 - k 2 
1 - u&c 


■■ k 2 sn 4 


[ (2n + 1 - *)* 1 

L 2n + 1 J 


(225) 

(226) 


The minimum values of F'( co 2 ) for |co| > 1 are all equal to F'(l/k) and are 
given by the expression 


I = w (!\ = = * 2 

e 2 \k/ F'(k) fc[coico 3 - - • co 2 „_i] 4 


(227) 
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It follows that the product e|e£ is independent of h. Thus, 

e 9 p el = /b 2 [a>ia>3a>6 * * * w 2n -i] 8 - (228) 

Since the considerations on the value of * made in connection with F( o> 2 ) 
apply also to the case of F'(a> 2 ), no further discussion is required. 

The zeros of the polynomial P(a> 2 ) are the « 2 appearing in the numer¬ 
ators of F( o> 2 ) and F'(o> 2 ). The determination of the zeros of 
P(o> 2 ) + Q 2 (<*>), 

that is, of the roots of the equations 

F( a> 2 ) + 1=0, F'(a> 2 ) + 1 = 0 (229) 

does not present any serious difficulty. The procedure, however, involves 
the use of certain properties of elliptic functions which, for the sake of 
brevity, cannot be discussed here. The reader is referred to the original 
paper by Darlington 4 or any standard treatise on elliptic functions. 7 

PHYSICAL REALIZATION OF SPECIFIED REACTIVE NETWORKS 

9-20. Properties of Ladder Networks. —The next step in the design 
of a filter is the determination of a two-terminal-pair reactive network 
whose impedances Zn, Z 22 , and Z 12 or admittances Fn, F 22 , and F 12 are 
specified. Such a network can be obtained without difficulty in the form 
of a canonic T- or II-structure. B In practice, however, the branches of 
these structures are very difficult to construct, particularly in the case 
of microwave filters. Darlington 4 of the Bell Telephone Laboratories 
has developed a general method of synthesis that permits the realiza¬ 
tion of the network in the form of a cascade of a number of sections, each 
of which corresponds to a pair of conjugate zeros of Z, 2 or Fi 2 . Such a 
cascade structure turns out to be satisfactory in most practical cases. 
Darlington’s general method of synthesis, however, is not discussed here 
because most microwave filters fall in a special class for which the syn¬ 
thesis procedure is considerably simpler. In general, it is desired to have 
as many peaks of infinite loss as possible for a given number of elements. 
These finite frequencies at which the loss is infinite are the zeros of Q(o>) 
and, therefore, are also the zeros of Z 12 and Y 12 . Under these circum¬ 
stances, that is, when the zeros of Zi 2 and F 12 occur for finite imaginary 
values of p, the filter can be realized as a simple ladder structure. 

Consider the ladder structure shown in Fig. 9-45. Let Z' llf Z’ 22 , Z' 12 
be its open circuit impedances. It can be shown that all the zeros of 
Z' 12 are at real frequencies which coincide with the resonance frequencies of 
the shunt branches. Furthermore, Z' llt Z 22 , and Z[ 2 have the same poles, 
at finite frequencies, and the residues at these poles satisfy the equation 

* 11*22 - *12 = 0. (230) 
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This equation is also satisfied by the residues at the internal poles of 
Z n , Z 22 , and Z 12 for the network to be synthesized. This fact does not 
mean that the internal poles of Zn, Z 22 , and Z u must always coincide, 
for Eq. (230) can be satisfied if k 2 2 = kn = 0 while hn 5 * 0. However, 
if it is assumed for the moment that all the finite poles of Zn, Z 2 2 , and Z i2 
do coincide, and furthermore that it is possible to design a structure of 
the type shown in Fig. 9-45 for which Z' n = Zn and the zeros of Z\ 2 
coincide with the zeros of Zn, it follows that Z 12 and Z' 12 must also have 
coincident poles, and, therefore, can differ only by a constant multiplier 
which can be made equal to unity by a proper choice of the value of a. 
If Z a = Z'n and Z xi = Z' 12 , the residues at the internal poles of Z 22 must 
be equal to the residues at the poles of Z 22 since the residues for both sets 
of impedances satisfy Eq. (230). The elements C 2tl+ 1 and L 2n +i which 
control the behavior of Z 22 at infinity and at the origin can be adjusted to 
make Z 22 = Z 22 without changing Z' 12 and Z' u . The assumption that 
Zn, Z 22 , and Z 12 have coincident poles at finite frequencies can now be 


Ideal 

Fig. 9*45.—A simple ladder structure. 

eliminated. In fact, all the terms of the partial fraction expansion of 
Zn that correspond to poles not common to the other two impedances 
can be lumped together in any convenient form as a reactance in series 
with the input terminals. This series reactance does not change either 
Z 22 or Z 12 . The same procedure can be followed in the case of the poles 
of Z 22 that are not common to Zn and Z J2 . In most practical cases, 
however, the original assumption concerning the poles of the Z’s is 
satisfied. 

9*21. Determination of Ladder Elements.—The synthesis of the net¬ 
work has now been reduced to the problem of finding a ladder structure 
whose input impedance equals Zn and whose shunt branches resonate at 
the zeros of Z i 2 . It can be shown that it is always possible to design such 
a ladder structure, provided the conditions assumed above are satisfied. 
Some of the series inductances may turn out to be negative. However, 
it is always possible to eliminate them by using coupled coils as shown in 
Fig. 9-46. Fortunately, in most practical cases, this situation does not 
arise. For further discussion of this point, the reader is referred to 
Darlington’s original paper. 4 

The actual synthesis of Zn can be performed in the following manner. 
Let ± 0 ) 2 , ±« 4 , ±«6, • • • , ±to 2 „ be the zeros of Z x2 . Subtract from Zn 
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a reactance equal to the value of Zu for to = to 2 . Use this reactance 
(realized in a manner consistent with the behavior of Zu at to = 0 and 
w » oe) as the first series branch of the ladder structure. The remainder 
has zeros for to = ±to 2 . Subtract from the partial fraction expansion 
of 1/Zii the term corresponding to the pair of poles at to = ±to 2 . This 
term is the admittance of the resonant branch L 2 , C 2 . Let the inverse of 
the remainder be Z$. Subtract from Zffl the reactance jo>Lz so that 
the remainder Zff has a pair of zeros coincident with the pair of zeros 
± ft> 4 of Zu. Eliminate these zeros by subtracting from the expansion of 
1 /Z\\ the term corresponding to the poles at to = ± 404 . The same 
operation is repeated on Z^\, the inverse of the remainder, and so on, until 
all the zeros of Zu have been used. At this point, the synthesis of Z n 
has been completed, and the re¬ 
mainder must be zero. 

Some of the zeros of Zn may 
occur for to = as. Since Zn is an 
odd function of to, the multiplicity 
of the zero at infinity must be odd. 

Let it be, for instance, 2w — 1. In (®) 0) 

this case the ladder has m pure y ductances by use of coupled coils, 

capacitive shunt branches. The 

same thing can be said about the zeros of Zi 2 for to = 0, except that in this 
case the shunt branches become purely inductive. 

The special case in which all the zeros of Zn occur at infinity is particu¬ 
larly important. If there are no internal zeros of Zi 2 , the polynomial 
Q(to) must be a constant. The determination of the ladder structure 
reduces to a continuous fraction expansion of Zn, that is, to a realization 
of Zu in the well-known Cauer form 

Z n = pU +_1_ (231) 

pC& +_1 _ 

pLz + 


+ J_ 

PC n 

All the inductances in the shunt branches vanish and the capacitances C\ 
and C n+ i are short-circuited. The inductance L n+t is determined from 
the behavior at infinity of Z 22 , and the ratio a of the ideal transformer from 
the constant multiplier of either Zu or Z 22 . In this case all the elements 
of the ladder are positive and no difficulty is encountered. Obviously 
the impedance Z 22 can be expanded into a continued fraction instead of 
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Zu. The two expansions must lead to the same ladder, and, therefore, 
they provide a convenient method of checking the final results. It is 
also possible to expand into a continued fraction the input (or output) 
impedance of the network terminated in 1-ohm resistance. This method 
of synthesis must also lead to the same network obtained by expanding 
either Zu or Zu. 

Most practical filters turn out to be of either the symmetrical or the 
reciprocal-impedance type. For a symmetrical filter Zu = Z 22 , Fu= F 22 , 
whereas for a reciprocal impedance filter Zu = F 22 , Fn = Z 22 . A sym¬ 
metrical filter consists of two identical sections connected in cascade 
back-to-back. A reciprocal impedance filter, on the other hand, con¬ 
sists of two dual sections connected in cascade back-to-back. It is 
obvious that a priori knowledge of such properties facilitates the syn¬ 
thesis of the network. 


JCx 


TCs 


L Z n 
'Wo' 
Co n 


-- r 
C 5 J C 2n-l 


.'T % L Zn*\ 


Fig. 9-47.—Dual of ladder structure shown in Fig. 9-45. 


First will be considered the case where Q(co) is an even polynominal. 
Equations (178) and (179) show that for a symmetrical network 


m = m 2 , Mi = 0. (232) 

It follows from Eq. (162) that P(« 2 ) must be the square of an odd func¬ 
tion of co. Reciprocal impedance networks are obtained, on the other 
hand, when 

Mi = n 2 , vi = 0; (233) 

Pico 2 ) is then the square of an even function of co. The attention of the 
reader is called to the fact that all the loss functions considered in Secs. 
9*18 and 9-19 correspond to either symmetrical or reciprocal filters. 

When Q(co) is an odd polynomial, the situation is reversed. Sym¬ 
metrical filters are obtained when P(co 2 ) is the square of an even function, 
and reciprocal impedance filters are obtained when P(« 2 ) is the square of 
an odd function. 

The synthesis procedure discussed above is based on the open-cir¬ 
cuit impedances Zu, Z 12 , and Z 22 . It is evident that a dual procedure can 
be followed which is based on the short-circuit admittances Yu, Y i2 , 
and Y 22 . The ladder structure resulting from this procedure is shown in 
Fig. 9-47. The details of the procedure can be obtained from the previous 
discussion by substituting admittance for impedance, short circuit for 
open circuit, series for shunt, capacitance for inductance, and vice versa. 
The zeros of Fi 2 , for instance, correspond to the resonance frequencies of 
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the series branches. Both procedures become identical when all the 
zeros of Z i2 and Yu occur at w == °°, that is, when Q(u>) is a constant. In 
all other cases, one procedure is preferable to the other, but the resulting 
networks are not identical. Furthermore, in some cases, namely, in 
the case of reciprocal networks, it may be convenient to develop part of 
the network by one procedure, and the rest of the network by the other 
procedure. As a final remark, it should be pointed out that reciprocal 
networks, that is, networks for which Y'^ = Zn, Y r 22 = Z 22 and Y' n = Zu 
have the same insertion loss when terminated in 1-ohm resistances. 

EFFECT OF INCIDENTAL DISSIPATION ON FILTER CHARACTERISTICS 

The methods of design discussed in the preceding sections are limited 
to nondissipative networks. In practice, since a small amount of dis¬ 
sipation is always present, the actual behavior of a filter differs somewhat 
from the behavior predicted theoretically on the assumption that the 
network is purely reactive. The two main effects of incidental dissipation 
are the introduction of a small but finite loss in the pass band and the 
rounding-off of the peaks of infinite loss in the attenuation band. The 
approximate effect of incidental dissipation can be computed without 
difficulty in most practical cases. In some cases it is even possible to 
modify the design of the network so that the incidental dissipation is 
taken into account, to a first approximation. 

9*22. Analysis of Uniformly Dissipative Networks.—In most practical 
filters, the losses can be assumed to be uniformly distributed. In other 
words, if a series resistance R is associated with any inductance L and a 
shunt conductance G with any capacitance C, the ratios R/L and G/C are 
approximately equal for all elements. If the two ratios are equal, the 
computation of the effect of incidental dissipation is simplified by the 
substitution 

| = (234) 

In terms of this quantity, the impedance of any dissipative inductance 
L and the admittance of any dissipative capacitance C become 

Z L = R + juL = (8 + ja>)L, (235) 

Yc = G + jo>C = (8 + jo>)C. (236) 

If the complex variable p = a -F jo> is substituted for ju i these equations 
become 

Z L = (p + 8)L, (237) 

Yc = (p + 8)C. (238) 

Consider any analytic function of the complex variable p character¬ 
izing the behavior of a nondissipative network, namely a driving-point 
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impedance Z(p), If dissipation is introduced uniformly so that Eq. 
(234) is satisfied, the reactance of any inductance pL and the susceptanee 
of any capacitance pC are given simply by Eq. (237) and Eq. (238), 
respectively. Since Z(p) depends on p only through the reactances and 
the susceptances of the individual elements of the network, the imped¬ 
ance Zs(p) of the dissipative network can be obtained from Z(p) by 
substituting p + 5 for p. Thus, 

Z s (p) = Z(p + 5). (239) 

It follows that the impedance of a uniformly dissipative network at any 
real frequencies (p = ju>) is equal to the impedance of the nondissipative 
network at the complex frequency 

P = & + (240) 

To estimate Z s (ju>), the function Z(p + S) is expanded 
in a Taylor series about the point p as follows: 

z,(p) = Z(p + S) = Z(p) + M s + i S’ + - • •. 

(241) 

For p — jo), Z(p) is a pure reactance; 

Z{p) = jX(u>). (242) 

Substituting Eq. (242) in Eq. (241), it is found that 

z.M - Z(i + M = jXM + s _ ,• 1 e + . . .. (243) 

This Taylor series converges uniformly only within a circle centered 
at ja> (in the complex p-plane) whose radius equals the distance from ju to 
the nearest singularity as shown in Fig. 9-48. In other words, the series 
cannot be used in the vicinity of a pole. However, this difficulty can 
be overcome easily by using the Taylor expansion of 

IW-np + D-sg^j 

which has a zero where Z{p + S ) has a pole. Then, for p = jo>, 

Y(p ) - jB(«) (244) 

and consequently, 

Y,Vo,) = y(j + M = jBM + ^ t-j \*+•••. (245) 

When the Taylor series converges uniformly and 8«w, the values of 
Zi{ja) and Y are given to a good approximation by the first two or, 
at most, the first three terms of the series. 



oj (a a 
Fig. 9-48. —Cir¬ 
cle of convergence 
for Taylor series ap¬ 
proximating a dis¬ 
sipative impedance. 
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Consider now the case of dissipative networks for which the ratio 
R/L is the same for any L, and the ratio G/C is the same for any C but 
R G T + 


It can be shown that if 



'*+«\ 

+ c) 

(246) 

11 R 

2 \o)L 


(247) 


the impedance of the dissipative network is still given, to a good approxi¬ 
mation, by Eq. (239) and, therefore, by the Taylor series of Eq. (243). 
The same is true for the admittance or any other analytic function of the 
complex variable p. It should be noted, however, that power ratios and 
magnitudes of functions of p are not, in general, analytic functions of p. 

9-23. Effect of Dissipation on Pass-band Characteristics.—Some of 
the most important applications of these formulas to the determination 
of the effects of incidental dissipation on the behavior of filters will 
now be discussed. First will be considered the case of filters designed by 
means of the image-parameter method. The propagation function 
y = a + jp is imaginary in the pass band and is an analytic function of p. 
Equation (243) may be used directly to study the effect of incidental 
dissipation in the pass band by substituting j8(to) for X(w) and, of course, 
7*(J U ) f° r ^*0") • Then 

7*0") = 7(8 + i") = j/3(") + 5 + • ' * . (248) 


In general, it is unnecessary to take into account the third term of the 
series. To a good approximation, then, the effect of incidental dissipa¬ 
tion is to add an attenuation 


_ d/8(fa>) 
du 


5 


(249) 


to the phase function $?(«) of the nondissipative filter. It is interesting 
to note that a* is proportional to the slope of the phase function. It 
follows that uniform attenuation in the pass band is obtained only when 
the phase function is linear. 

The average attenuation in the pass band can be estimated from the 
total phase shift A/3 over the pass band and the corresponding bandwidth 
w. The average slope of the phase function is 
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and the average attenuation is 

(«*)... - i ~ (251) 

Equation (74) shows that increases by 7r/2 between a zero and a pole 
(or vice versa) of V Z 6C /Z W . On the other hand, the number of zeros 
and the nu mber of poles must be equal to the number of roots of the 
equation s/Z^/Z^ = 1, that is, to the number of frequencies (real or 
complex) at which the attenuation becomes infinite. In the particular 
case of filters consisting of a cascade of n constant-^ or m-derived sections, 
the total phase shift over the pass band is 2nir, provided the pass band of a 
low-pass filter is taken equal to twice the cutoff frequency. Then, by 
Eq. (251) 

(«*).v B = 8 (252) 

In the case of bandpass filters consisting entirely of resonant LC- com¬ 
binations tuned at the center frequency c c 0 , the quantity 8 can be expressed 
in terms of the Q 0 of the resonant combinations as follows: 


x - 1 f R , G \ - 1 ( R , G\ 1 < 

2\L + c) 2"°V«oL + a,oCj ~ 2\ 

Substitution for 8 in Eq. (252) yields 


M.v. = ^ nepers = 8.686 ^ db. (254) 

In other words, the average attenuation is inversely proportional to Q 0 , 
and is directly proportional to the number n of sections and to the ratio 
of the mean frequency to the bandwidth. 

9*24. Effect of Dissipation on Rejection-band Characteristics. —The 
effect of incidental dissipation on the propagation function y in the 
attenuation band will now be considered. Since, in most cases, y has 
poles at real frequen cies (im aginary values of p), it is convenient to study 
the function g = -\/ Z ec /Zoc which is supposed to approximate unity for 
real frequencies in the attenuation band. This function may become 
infinite at a cutoff frequency, but this difficulty can be surmounted by 
considering instead the function y/Zoc/Z sc which has a zero where g 
has a pole. 

If Q(V + 8) is substituted for Z(p + 8) in Eq. (241), the expression 
for VXc/Zoc becomes, in the presence of dissipation, 

g>(v) - + «) = g(p) + + ■ ■ ■ ■ (255) 


Let 


g(ja>) = a+jb 
gs(jw) = as A- jb s 


(256) 
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Since g(p) is real for real frequencies in the attenuation band, the follow¬ 
ing expression may be written: 
g s (jco) = a s + jb s = g(& + 

= + . . . . (257) 

At this juncture it is desirable to express the propagation function in the 
presence of dissipation in the form of Eq. (74), namely, 

I In _ . 1 1„ (1 “I” "I” fot /OKO\ 

7. = m ~ gin (258) 

Equating real parts of the preceding equation gives, for the attenuation 
as, 

1 _|- C ^ ai _ 

1 l + a 2 a + &! + 2a s 1 ^ 1 + «? + b\ 

“* “ 4 ln 1+OH-6J-2o, 4 ln - _ 2o. (259) 


1 

When no dissipation is present, the attenuation i 

2 a 

i, 1+ a 2 

a = ^ In 


1+ a% + b\ 


1 - 


If the following substitutions are made, 


2a 

1 + a 2 


k = 


2 a 

1 + a 2 ’ 


h • 


2a« 


- . _ : 1+ a 2 s + b( 

Eqs. (259) and (260) may be written in the same simple forms 


1 ,, 1 + h 
"* “4 ln r 
i i + k 
‘ ^4 ln r ~k 


(260) 

(261) 

(262) 

(263) 


When the dissipation is small, the following approximation can be used: 

[24^^-r^®14 ^ 


2 a 

Ki 1+ a 2 , L -~,- . - , - - ■ - , 

Since k t is always smaller than unity for 5^0, ft follows that the attenua¬ 
tion is never infinite when dissipation is present. When 5 = 0, a becomes 
infinite for k = a = 1. The corresponding h for the dissipative network 
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and the corresponding attenuation in the dissipative case is reduced to 
the approximate value 


Further simplification is possible in the special case of an m-derived 
section of a filter. The function a is given by Eqs. (120) and (132). 


Since Z' a and Z' h are the short-circuit and Open-circuit impedances for 
half the network, it will be necessary to multiply the resulting attenua¬ 
tion by two in order to obtain the as for the whole network. It is found 
for the rate of change of a 


^ ( w 2 _ i)»* 

The peak of attenuation occurs for a = 1, that is, when 


At a frequency of infinite attenuation Eq. (268) becomes 



(270) 


The attenuation for the whole m-derived section is twice the value given 
by Eq. (266), or 


Moo = In 


2<«> 00 (fa»i — 1 ) 
8 


(271) 


This equation shows that the maximum attenuation approaches zero 
when approaches the cutoff frequency, that is, unity. In other words, 
if the peak value of the attenuation must be larger than a given a 0 , 
must be larger than the value given by Eq. (271) for M w = «o- 

The effect of incidental dissipation on loss arising from mismatched 
terminations is secondary in importance to the effect on the propagation 
function discussed above. It can be computed, if necessary, by following 
a procedure very similar to the one used in connection with propagation 
function. It must be pointed out, however, that, in general, there is 
no need of computing accurately the total effect of incidental dissipation 
since the image-parameter method of design leads to a loss function that 
is only roughly equal to the attenuation function. In other words, the 
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loss function is already so different from the design data that it would be a 
waste of time to compute accurately second-order corrections. 

9*25. Correction for Uniform Dissipation.—The situation is quite 
different in the case of filters designed to have a specified insertion loss. 
Since in this case the loss of the ideal nondissipative filter is exactly equal 
to the specified function, it is desirable to compute more accurately the 
effect of incidental dissipation. Moreover, in this case it is worth while 
to make allowance in the original design for the effect of incidental dis¬ 
sipation, so that the dissipative filter will have a satisfactory loss function. 

The general procedure discussed in the preceding pages may be 
applied to the voltage insertion ratio which is an analytic function of the 
complex variable p. It should be noted that the power-loss ratio Po/Pl 
is the square of the magnitude of the voltage insertion ratio for p = jco. 
It follows from Eqs. (158) and (163) that the voltage insertion ratio p 
is given by 


p(p) 


V>2 + 

Q(-P 2 ) 

U2 + V2 


JQ(-jp) 


for Q(a>) even, 
for Q(a) odd. 


(272) 


The power insertion ratio of the dissipative filter is then 

(k), - “ Mp + 


(273) 


Since the computation involved is straightforward, no further discussion 
is required. 

Darlington 4 has developed a method for making allowance in the 
original design for the effect of incidental dissipation. This method is 
based on the following reasoning. It has been shown that the voltage 
insertion ratio ps(p) of a dissipative filter can be obtained by substituting 
p + 8 for p in the expression for the insertion ratio p(p) of the correspond¬ 
ing nondissipative filter. Consider now a nondissipative filter whose 
voltage insertion ratio is 


p'(p) = p(P ~ *)• (274) 

The ratio for the corresponding dissipative network is then 

P*(p') = P (p + 8 - «) = pip). (275) 

It follows that in order to obtain a filter whose insertion ratio is 
p' t (p) = p{p) it is sufficient to design a nondissipative filter with a pre¬ 
distorted ratio p'(p) = p(p — 8). 

The new function p(p — 8) must satisfy the condition of physical 
realizability in order to be the voltage insertion ratio of a nondissipative 
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filter. Consequently, according to Sec. 9-13 and to Eq. (272), the zeros 
of pip — 8) must have negative real parts. Moreover, the magnitude of 
pip — $) must not be smaller than unity at real frequencies, that is, for 
imaginary values of p. It follows that, assuming that pip) is physically 
realizable, 8 must be smaller than the magnitude of the real part of any 
zero of p(p). Moreover, pip — 8) must be multiplied by a real constant 
equal to the reciprocal of the minimum value of p'(j«) = pi jo —8) in 
order to make p'ijo) ^ 1. A final requirement on p'(p) is that the 
polynomial Q'(-jp) = Q[—j(p — 5)] be either even or odd. In general, 
since this condition is not satisfied automatically, it is necessary to 
multiply both the numerator and the denominator of p(p — 8) by root 
factors of the type (p + p v ), where p v is any zero of Q[—j(p — 5)] which 
does not come in a pair p v , —p v . These root factors have the effect of 
increasing considerably the number of elements of the network. Further 
analysis reveals, however, that a satisfactory solution can be obtained by 
using as a predistorted insertion ratio the function 


p”(p) = 


f u 2 (p — 8) + v 2 (p — 8) 

> Qi~P 2 ) 

) u 2 (p — 8) + V 2 ip - 8) 

k -jQ(-jp) 


for Q(—jp) even, 

(276) 

for Q(—jp ) odd. 


In other words, (p — 8) is substituted for p only in the numerator of 
pip) . The voltage ratio for the dissipative network will then be 


Psip) = 


U2 -|- v% 

QL-(p + «) 2 1 

U 2 + Vz 

Q[-Kp + «)] 


for Q(—jp ) even, 
for Q(—jp ) odd. 


(277) 


This function is a good approximation of pip) except in the vicinity of the 
internal poles of pip), that is, of the zeros of Qi~jp). The peaks of 
infinite loss of pip) are thus rounded off in the final dissipative network. 
In the particularly important case of <2(«) = 1, that is, when the loss in 
the attenuation band is a monotonic function, this difficulty does not 
arise. 

Once the predistorted ratio p'ip) has been determined, the polynomial 
P'(g> 2 ) is computed as follows: 

P'(o> 2 ) = \u' 2 ijo>) + vliju) | 2 = [£»] 2 . (278) 

If the ratio p"ip) is used, the polynomial -P"(a> 2 ) is 

P"(a> 2 ) = \uz(Jo> - 8) + vziju ~ 5) | 2 - Q%a>). (279) 

The filter is then designed following the procedure developed above for 
the nondissipative case. 
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The same predistortion procedure can be applied to the reflection 
coefficient T(p) instead of to the voltage ratio p(p). In this case r'(p) 
becomes 

j,// n x r /_ *\ w l (P ~ + V '(P ~ fi ) (oom 

r (p) = T(p - 5) - U2(p _ 8)+ -^~^ T y (280) 

The conditions of physical realizability lead to the requirement that 5 
must be smaller than the magnitude of the real part of any internal pole 
of T(p). Furthermore, r(p — 5) must be multiplied by a real constant to 
meet the requirement 

|r(j<o - 5)| ^ 1. (281) 

The polynomial 

IQ'(<o)] 2 = M(*») + ^(i")l 2 - MW + fiMI 2 (282) 

can be made a perfect square by multiplying both the numerator and the 
denominator of r'(p) by the proper root factors, as in the previous case. 
The predistorted network is then designed following the original pro¬ 
cedure for nondissipative networks. 

It should be noted that it is not possible to predistort r(p) and p(p) 
independently. It follows that the predistortion procedure should be 
applied to r(p) when strict tolerances are placed on the reflection coef¬ 
ficient, and to p(p) when strict tolerances are placed on the insertion ratio. 

EFFECT OF MISMATCHED TERMINATIONS ON FILTER CHARACTERISTICS 

9*26. Superposition of Mismatches.—Before concluding the general 
discussion on the methods of filter design, it is worth while to consider the 
behavior of a filter when connected to the other components of a system. 
This question is very important because, although the filter is designed as 
a separate unit, it is the over-all behavior of the system including the 
filter that really matters. More specifically, the distortion of the loss 
characteristics of the filter arising from other components of the system 
must be tolerable, and conversely the design specifications for the filter 
must be consistent with the specifications for the other components of 
the system. 

This last point is particularly important in view of the difficulties 
encountered in designing filters with very strict tolerances. For instance, 
the input voltage standing-wave ratio of a microwave system may be as 
large as the product of all the ratios for the individual components. Care 
must be taken, then, to divide the over-all VSWR among the components 
in proportion to the difficulty of design. It is often advisable to let the 
filter have a VSWR as high as the maximum VSWR of all the other 
components together. 

Somewhat less important, but far from negligible, is the effect of 
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the other components of a system on the loss in the attenuation band of a 
filter. It will be shown later that the difference between the decibel 
loss of a filter and the decibel loss of the whole system may be as large as 
the sum of the VSWR’s of the two terminations of the filter expressed in 
decibels. This fact points out that, if the loss of a system must be 
approximately equal over a certain band of frequencies to the loss of a 
filter that is part of the system, the other components must be reasonably 
well matched over the same band. 

The characteristics of a filter have been computed on the assumption 
that both terminations are purely resistive and constant at all frequencies. 
In practice, this assumption is very seldom justified, particularly in the 
case of microwave filters. In this case both sides of the filter are con¬ 
nected to transmission lines or guides which would provide the proper 
resistive terminations for the filter if they were terminated in their 
characteristic impedances at the other ends. In practice, small reflec¬ 
tions in the input and output lines are always present. Let r a and r L be 
the voltage standing-wave ratios of the input and output lines, when 
they are not connected to the filter. The mismatches in the two lines 

may be considered as arising from 
mismatched reactive networks in- 
z serted in perfectly terminated 
0 lines. The equivalent network 
for the filter and its terminations 
Fig. 9-49.—Filter with mismatched termina- is shown in Fig. 9*49. It is as- 
tlons - sinned in the following discussion 

that the filter is nondissipative. Let r D be the VSWR produced 
by the filter in the input line when the output line is properly terminated, 
that is, when Tl = 1. When Tl = 1, the value of the VSWR in the input 
line, r', depends on the phase of the reflection in the output line. It 
was shown in Sec. 9-4 that the maximum and minimum values of the 
r' 0 are given by 

MU = Vr, (283) 



! — for r L > r 0} 

(284) 

— for r L < r 0 . 

r L 


Equation (283) gives the maximum VSWR that may be present in the 
input line of a filter when the filter is not properly terminated at the 
output terminals. If other nondissipative components are inserted in 
the input line between the filter and the generator, the maximum VSWR 
in the output line of the generator will be 

MU = = r,Tjru 


(285) 
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where r, is the VSWR produced in the output line of the generator by 
the components preceding the filter when r' = 1, and is equal to the 
VSWR measured from the filter toward the generator when a matched 
termination is substituted for the generator. The mini m um value of 
r’, when r Q > r,r L , is 

[rfU = = —• ( 286 ) 

L rjrL 

9*27. Accumulative Effect of Mismatches. —In general, r, results 
from the reflections produced by a number n of components. Let r,* be 
the VSWR on the input line of one of these components when its output 
line is properly terminated. Repeated application of Eq. (283) leads 
to the following expression for the maximum possible value of r,: 

k — n, 

[r.U = n r. t . (287) 

fc = l 

Similarly the maximum possible value of Tl is 


tr*U - ft r “> (288) 

where r L k is the VSWR of the Arth of the n L component on the load side 
of the filter. The maximum and minimum values of r£ are obtained by 
substituting Eqs. (287) and (288) for r« and r L in Eqs. (285) and (286). 

The magnitude of the reflection coefficient corresponding to r' is 

|ra = -faj- (289) 

Let P' 0 be the power available from the generator, that is, the power 
flowing in its output line when the line is properly terminated. Let 
P[ be the power delivered to the load of the system. Since all the com¬ 
ponents are nondissipative, the ratio P' 0 /Pl, that is, the power-loss ratio 
for the whole system is given by 


P'o 1 

PL i - |r;i* 

The maximum value of this power ratio is found to be 

/Po\ = (r a r L r 0 + l) 2 
4 TsTlTo 

Since 

Po . (To + l) 2 
Pl 4 r 0 


(290) 

(291) 

(292) 


is the power-loss ratio of the filter alone when properly terminated, 
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improper terminations may increase the power-loss ratio of the system by 
the factor 



(r a r L r 0 + l) 2 
Vi(r„ + l ) 2 


(293) 


If r 0 » 1, that is, in the attenuation band of the filter, this factor becomes 
approximately 



~ Vi. 


(294) 


Consider now the minimum value of P' 0 /P' L , when r 0 > r L r„ This 
assumption limits the validity of the results to the attenuation band of 
the filter. However, it is only in the attenuation band that the minimum 
value of the loss is of any practical importance. Then 


= (r, + r s r L y 
\P'Ju*n 4 r D r a r L 


(295) 


It follows that the improper terminations may decrease the power-loss 
ratio of the system by the factor 



(r„ + r„r L ) 2 
r a r L (r 0 + l) 2 


(296) 


When r 0 )£> 1, r 0 y*> vi, that is, for large values of the loss, this factor 


reduces to 



(297) 


This reduction of loss may be far from negligible. For instance, if 
r a = tl = 2 in the attenuation band of the filter, the loss of the system 
is 6 db lower than the loss of the filter alone when properly terminated. 
It follows that it is necessary to limit the VSWR of any component of a 
system that includes a filter not only over the pass band of the filter, 
but also over the portion of the attenuation band in which the minimum 
total loss of the system is specified. 
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CHAPTER 10 

THE DESIGN OF MICROWAVE FILTERS 


By A. W. Lawson and R. M. Fano 

A direct method of designing microwave filters has not yet been 
developed. In other words, no design procedure is available which leads 
directly to a structure physically realizable by means of microwave 
elements. Most microwave filters hitherto designed have been derived 
from lumped-element structures by approximating the behavior of induct¬ 
ances and capacitances by means of microwave elements, such as sections 
of lines, cavities, irises, etc. As will be seen, the lack of a direct synthesis 
procedure sets limitations on the design. 

In addition to theoretical and practical limitations on filter design, 
the actual system applications often impose widely varying geometrical 
and physical requirements. These requirements are largely responsible 
for the ultimate appearance of any filter. Thus, two filters having 
exactly the same attenuation characteristics and circuit specifications 
may have radically different forms. For instance, one filter may be for a 
system using coaxial transmission line and another for a system using 
waveguide; alternatively, a cavity filter of reasonable dimensions at 
10,000 Mc/sec may be prohibitively large at 100 Mc/sec for airborne 
systems; or again, a compact, rugged design suitable for low power levels 
may be completely inadequate in a system using higher power. For such 
reasons it appears impractical to discuss here all designs existing at the 
time of preparation of this manuscript. Rather, it appears desirable to 
describe typical examples as illustrations of the general methods of 
deriving microwave filters from lumped-element structures. These 
examples do not necessarily represent the most efficient designs or the 
ultimate, either practically or theoretically. In fact, a large number of 
the filters described below were designed, manufactured, and used before 
the theory involved was generally understood. In particular, some of the 
more elaborate methods of designing lumped-element filters will not be 
used in connection with any of these practical examples. This fact does 
not mean that such methods are not useful, but that, because of time 
limitations, the designer was forced to employ only techniques already 
available to him. Fortunately, however, these practical examples serve 
very well as illustrations of the methods of designing microwave filters. 

In this chapter it will be shown how the simple ladder structures basic 
613 
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to all methods of design discussed in the previous chapter are readily- 
transformed into microwave structures. The relative values of the 
lumped elements, which depend on the method of design employed, are 
of no consequence in the transformation process. The discussion of 
practical microwave filters resulting from such transformations will be 
divided into four parts on the basis of the techniques used in approximat¬ 
ing the behavior of lumped elements at microwave frequencies. The 
first part will deal with filters employing sections of lines alone or in 
combination with lumped inductances and capacitances. For practical 
reasons, filters of this type cannot be used when narrow pass bands (less 
than approximately 10 per cent) are required. The second part will deal 
with filters consisting of a cascade connection of direct-coupled cavities. 
The use of these filters is limited by the fact that the couplings between 
cavities become rather critical when the pass band is less than approxi¬ 
mately 1 per cent. A design procedure suitable for narrow-band filters 
is presented in the third part. These filters take the form of chains of 
cavity resonators separated by quarter-wavelength sections of line. 
Filters with broader pass bands may be obtained by substituting resonant 
irises for the cavities. The fourth part will be devoted to miscellaneous 
types of filters some of which should be considered merely as suggestions 
for future developments. 

FILTERS EMPLOYING TRANSMISSION LINES 
10*1. The Frequency Behavior of Lines.—Before considering any 
practical filter structure, it is desirable to discuss in some detail the fre¬ 
quency behavior of a section of transmission line in order to determine 
under what conditions and to what extent it can be made to approximate 
the behavior of inductances and capacitances. 

Let Z 0 be the characteristic impedance of a lossless line and l its 
length. If the section is short-circuited at the far end, the input imped¬ 
ance is 

Z = jX = jZ 0 tan « (1) 

where co is the angular frequency and c the velocity of light in the dielec¬ 
tric. The reactance function represented by this equation is plotted in 
Fig. 10-1. The reactance has an infinite number of poles and zeros at 
frequencies at which the length of the line is, respectively, an odd or even 
number of quarter wavelengths. The plot of the admittance of the line 

(Fig. 10T6) is an identical curve displaced to the left by Thus, 

1 . 1 A 2 ^ l 

= 2 = & =3 e= -^°cotco-. 


Y 


( 2 ) 
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Suppose now that the section of line is open-circuited at the far end. The 
input impedance becomes 

Z = jX = -jZ 0 cot co - c (3) 

and the input admittance becomes 

Y = jB = j ~ tan co ^ = jY 0 tan co ~ (4) 


It will be noticed that Eq. (3) is identical in form with Eq. (2) whereas 
Eq. (4) is identical in form with Eq. (1). Therefore, Fig. 10-la may be 
used also as a plot of Eq. (4) and Fig. 10-16 as a plot of Eq. (3). 



Fig. 10-1.—Frequency behavior of open-circuited and short-circuited lines. 

It is interesting to compare these curves with the reactances and 
susceptances of an inductance, a capacitance, a series-tuned circuit, and a 
parallel-tuned circuit. The reactance of a simple inductance X L and the 
susceptance of a condenser Be are identical in form; 

X L = <»L 
Be = wC. 

The plot of these functions is, evidently, a straight line of slope equal to 
L and C, respectively. The reactance of a series-tuned circuit and the 
susceptance of a parallel-tuned circuit are also identical in form. 
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< 6 > 

where o> 0 = l/\/LC is the resonance frequency. These functions are 
plotted in Fig. 10*2. 



Fig. 10-2.—Frequency behavior of resonant circuits. 



( 6 ) 


It will be noticed that the curve of Fig. 10-lo may be used to approx¬ 
imate a straight line in the vicinity of the origin. The slope of the curve 
at the origin is 



Therefore, the frequency behavior of an inductance can be approximated 
by a section of short-circuited transmission line, provided the length of 
the section is much smaller than (ir/2)(c/u) at any frequency of interest. 
The slope given by Eq. (7) must be made equal to the inductance L, thus, 

L = Z.i (9) 

This is done by adjusting Z 0 once the quantity l/c has been fixed to satisfy 
the required length of line. 

A capacitance C can be simulated in a similar manner by means of an 
open-circuited section of transmission line. In this case, the slope of the 
susceptance function at the origin, as shown in Eq. (8), is made equal to C: 

l 
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The quantities F 0 and l/c are adjusted to satisfy this equation while the 
length l is kept much smaller than the minimum value of (ir/2 )(c/«). 

Consider now the susceptance of a short-circuited line and the react¬ 
ance of an open line (Fig. 10*16) in the vicinity of a zero, that is, when the 
length of the line is close to an odd number of quarter wavelengths. In 
any one of these regions the function can be made to approximate the 
curve of Fig. 10*2. It follows that a short-circuited line can simulate a 
parallel-tuned circuit in a relatively small frequency band centered at 
the resonance frequency. Under the same conditions, an open line can 
simulate a series-tuned circuit. The line length is given in both cases 
by the expression 

l = ^ + m )’ (11) 
where n is any positive integer. The line admittance (or impedance) 
must be such that the slopes of the two curves are equal at the common 
zero. The slope of the susceptance function of a short-circuited line at a 
zero is 



Similarly the slope of the reactance function of an open line at a zero is 



The corresponding slopes for a parallel-tuned circuit and a series-tuned 
circuit are 


&)_-*• 

(14) 

te'L = 2L - 

(18) 

It follows that, in the case of the parallel-tuned circuit, 
obtained if 

equivalence is 

2 c =£( i +4 

(16) 

and in the case of the series-tuned circuit, if 


2L = v„(l + n *)- 

(17) 


The integer n should be as small as possible since, for a given tolerance, 
the width of the approximation band, in percentage of «o» is inversely 
proportional to 2 n ■+■ 1. On the other hand, since the slope is directly 
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proportional to (2 n + 1), it may be necessary to make n > 1 in order 
to obtain a sufficiently large slope. 

Series- and parallel-tuned circuits can be simulated also by means of a 
short-circuited line and an open line, respectively, of lengths equal to 

l = mr—- (18) 

Wo 

This equivalence results from the fact that the curve of Fig. 10-la is 
identical to the curve of Fig. 10-16, apart from a translation to the left 
of Aw = (v/2)(c/l). The slope of the reactance function of a short- 
circuited line at one of its zeros is 


'dX\ 

^ d<J> /a=mrc/l 



(19) 


Therefore, in order to approximate the behavior of a series-tuned circuit, 
the line impedance must satisfy the equation 


2L = Zo—' (20) 

WO 

Similarly, in the case of an open line approximating a parallel-tuned 
circuit, the line admittance must satisfy the equation 


2C = Fo—• (21) 

wo 

Compare a system in which all the reactive elements are equal lengths 
of line of arbitrary characteristic impedances with the network formed 
by the corresponding lumped elements. The impedance of each section 
of line can be obtained from the impedance of the corresponding lumped 
element (or elements) by means of a simple change of variable. In the 
case of simple inductances and capacitances, the change of variable is 

tan «' - = w. (22) 

l 0 

In the case of tuned circuits, the substitution is 

-5cot*'i = f h-™) (23) 

l C 2 \W0 w/ 

if wo = ( 7 r /2 + mr) (1/c), and 

% tan ^ (— — —) (24) 

l c 2 \w 0 w/ 

if wo = mr j. Since, by assumption, the change of variable is the same 
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for all the elements of the system, any function describing the frequency 
behavior of the distributed-constant system can be obtained directly 
from the corresponding function for the lumped-element network by 
means of the same change of variable. 

It is interesting to consider in more detail the physical significance 
of the change of variable. The substitution of Eq. (22), for instance, 
transforms the interval — <» to + 00 in the w domain into the interval 
— (tt/2 )(c/Z) to +(^r/2 )(c/l) in the «' domain. However, since «' is a 
multivalued function of «, the same interval in the « domain is repeated 
an infinite number of times in the «' domain in any interval [tt/2 + nv]- 
(c/l) to [tt/ 2 + (w + l)ir](c/Z). To make this point clearer, consider the 



simple low-pass filter of Fig. 10-3a and the corresponding distributed- 
constant system of Fig. 10-36. The power-loss ratio for the filter of 
Fig. 10-3o can be shown to be 



m 


where <a e is the half-power frequency. The loss ratio for the filter of 
Fig. 10-36 becomes then 



, j 


. / 1 
tan o)' - 


(26) 


The reciprocals of these power ratios are plotted in Figs. 10-4 a and 10-46, 
respectively. Figure 10-46 shows that the structure of Fig. 10-36 is at 
the same time a low-pass and a bandpass filter. When it is considered as 
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a low-pass filter, its half-power 
frequency is 

= | tan- 1 Wc i (27) 

When it is considered as a band¬ 
pass filter, its bandwidth is always 
equal to the expression 

w' = 2c/ c = 2 ^ tan -1 « c 4 (28) 

whereas the mean frequencies are 
given by 

«£ = nir j (29) 

The change of variable defined 
by Eq. (23) transforms the interval 
0 to oo in the « domain into the 
interval 0 to ir(c/l) in the &/ do¬ 
main, or better, into any interval 
mr(c/l) to (n + 1 )ir(c/l). Com¬ 
pare, for instance, the bandpass 
filter shown in Fig. 10-5a, which is derived from the low-pass filter of 
Fig. 10*3o, with the corresponding distributed-constant system shown in 



Fig. 10-5.—Transformation of a bandpass filter into its microwave equivalent. 

Fig. 10*56. The power-loss ratio for the lumped-element filter is found 
to be 




structures of Figs. 10-3o and 10*36, respec¬ 
tively. 
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Vi 2 ! , \<?o(u _ «o\l 4 

2V Z " r L^\w 0 w/J 


On the other hand, the ratio for the structure of Fig. 10-66 is 


Zl 2 

2V 2 


= 1 4- 


cot co' - 


^w' l 

cot 2- 


(30) 


(31) 


The reciprocals of these power ratios are plotted respectively in Figs. 
10-6a and 10-66. It will be noticed that the curve of Fig. 10-66 is identical 



to the curve of Fig. 10-46 but for a translation of («r/2) (c/l). There is 
an infinite number of pass bands, all of which have a bandwidth equal to 

^ = 2 Z cot "lc' ( 32 ) 


The mean frequencies are given by the equation 



It is interesting to note that each pass band possesses arithmetic sym¬ 
metry with respect to its mean frequency whereas in the case of Fig. 
10-6a the symmetry is geometric. 

The change of variable defined by Eq. (24) transforms the interval 0 
to oo in the w domain into the interval to (ir/2 ir)(c/l) in the «' 

domain. However, since this interval is repeated an infinite number of 
times, the complete plot becomes identical to the plot of Fig. 10-46. 
This similarity should not be surprising since the low-pass to bandpass 
transformation used to obtain the filter of Fig. 10-5a from the filter of 
Fig. 10-3a is mathematically equivalent to a change of variable of the 
type (see Sec. 9-8) 
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shown in Fig. 10-9. Both arms are tuned at a frequency co 0 at which 
the line is an odd multiple of half wavelengths, 


- -J= - (39) 

VL&i VKc» 

~(^ + nr )r ( 40 ) 

The values of Li and C 2 are given by Eqs. (20) and (21), 



If l is m^de approximately equal to an even multiple of half wavelengths, 
the lattice of Fig. 10*9 is transformed into the lattice shown in Fig. 10T0. 



Notice that one lattice can be obtained from the other by interchanging 
the output terminals. In fact, Eqs. (20) and (21) show that 

j Zq m r Zq l 

Ll = ~ 2^ 0 "4c 

r — Y ° nT — Y ° * 

2 oo 4c 


(43) 

(44) 


10-2. Practical Limitations on the Use of Lines.—The technique of 
using sections of parallel wire or coaxial transmission line to approximate 
the behavior of lumped elements is relatively old. 1 The older filters, 
however, were designed to operate at relatively low frequencies. During 
the war, the range of operation of these filters was extended to frequencies 
as hi gh as 3 X 10 9 cps. At higher frequencies, the dimensions of con- 

1 See, for example, the first reference listed in the bibliography at the end of the 
chapter. Numbered superscripts in the text refer to the corresponding numbered 
references of the bibliography. 
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ventional transmission lines become unpractically small if the propaga¬ 
tion of higher modes is to be prevented. This fact sets a limit to the 
range of application of filters employing sections of conventional trans¬ 
mission lines. It must be pointed out also that the stray effects due to 
geometrical discontinuities in a transmission line become rather important 
when the frequency of operation approaches the cutoff frequency of the 
TE 11 -mode. For instance, it cannot be assumed that two lines having 
the same characteristic impedance but different dimensions can be 
joined without any reflection taking place. In practice, the stray effects 
become so important at frequencies of the order of 3 X 10 9 cps that filters 
cannot be designed by purely theoretical means. Although empirical 
adjustments of the elements can compensate to a certain extent for the 
stray effects, the actual characteristics of the filter are always somewhat 
different from the theoretical ones. 

Another limitation to the field of application of filters using sections 
of lines is set by bandwidth considerations. Consider a prototype low- 
pass ladder structure with a cutoff frequency equal to 1 radian/sec and 
1-ohm terminations. It turns out that in any structure of this type the 
inductances measured in henrys and the capacitances measured in farads 
have values of the order of magnitude of unity. Let this structure be 
transformed into a bandpass filter with a bandwidth w and a mean 
frequency w 0 . Following the method discussed previously (see Sec. 
9-8), each inductance becomes a series-tuned circuit whose reactance 
function at the mean frequency w 0 has a slope of the order of magnitude 
of 2/w. Similarly each capacitance becomes a parallel-timed circuit 
whose susceptance function at the mean frequency wo has a slope also of 
the order of magnitude of 2/w. For these tuned circuits, let lines of 
length equal to an odd number (2 n + 1) of quarter wavelengths at the 
mean frequency w 0 be substituted. The order of magnitude of the charac¬ 
teristic impedance of the open-circuited section of line which is sub¬ 
stituted for any series-tuned circuit must be, according to Eq. (13), 


wo 1 
w (2 n + 1) 


(45) 


Similarly the order of magnitude of the characteristic admittance of the 
short-circuited section of line corresponding to any parallel-tuned circuit 
must also be, according to Eq. (12), 


Y , _ 4 wo 1 _ 1 

° 7T W (2ft -f 1) Z'o 


(46) 


It follows that the ratio of the characteristic impedances of the two lines is 


Zo _ A Wo 1 \ 

Z' 0 ~ \7r w 2n + 1 / 


(47) 
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Note that the terminations of the filter are equal to 1 ohm, or in other 
words, that Z 0 and Z' 0 are normalized with respect to the terminating 
impedances. 

The difficulties involved in obtaining narrow bands, that is, large 
ratios of Z 0 /Z' 0 , are obvious when it is remembered that the characteristic 
impedance of a coaxial line is directly proportional to the natural loga¬ 
rithm of the ratio of the diameters of the two conductors and inversely 
proportional to the square root of the dielectric constant of the medium 
filling the line. Ratios of Zo/Z^ as large as even 3 or 4 are difficult to 
obtain in practice without considerably increasing the losses of both lines. 
It follows that a large value of «o /w must be balanced by an almost equal 
value of 2n + 1. Lines several wavelengths long are again impractical 
because of their inconvenient dimensions and their high losses. This 
bandwidth limitation may be circumvented by using loosely coupled 
cavity resonators instead of sections of lines. The techniques involved 
in t his method of design will be discussed in Sec. 10*8. In practice, the 
upper limit for the ratio o>o/w when sections of lines are used is about 10. 

10*3. Filters Employing Lines as Two-terminal Elements.—It is of 
historical interest to note that, except for the simple resonant cavity, 




Fig. 10-11.—A low-pass filter with its lumped-element equivalent circuit. 

low-pass filters were among the first to be required in the application of 
microwave techniques to radar. This circumstance arose from the fact 
that the efficient operation of crystal mixers requires the rejection of the 
third harmonic of the fundamental frequency to be received. Figure 
10* 11a illustrates the typical design of such a filter for a coaxial mixer 
input line. This filter, which consists of two reentrant line sections 
separated by a concentric condenser, is the coaxial embodiment of a 
simple constant-A; prototype section whose equivalent lumped-constant 
analogue is represented schematically in Fig. 10*116. This analogy 
obtains only at those frequencies for which the reentrant line sections are 
shorter than a quarter wavelength. At higher frequencies the reactances 
of the sections of line have poles and zeros that are not present in the 
lumped-element case and consequently the existence of spurious pass 
bands must be expected. 
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Let w e be the cutoff frequency of the lumped-element filter. The 
values of L and C given in Fig. 10-116 are obtained by properly trans¬ 
forming the prototype section of Fig. 9-23c. The characteristic imped¬ 



ance of the reentrant lines is given 
by Eq. (9), 

z ° = L h§} <«> 

The capacitance C may be assumed 
to be lumped if the width of the 
concentric condenser is small com- 
pared with l. Under these con- 


Fig. 10-12.—Attenuation characteristics of 
low-pass filter of Fig. 10-llo. 


ditions the attenuation function 
behaves in the manner shown in 


Fig. 10-12. The actual cutoff frequency w' e is somewhat smaller than w c 
because the reactance of the line is always larger than wL. A peak of 
infinite attenuation occurs when 


the length l is a quarter wave¬ 
length. Since a spurious pass 
band appears when l is a half 
wavelength, the length should be 
made as small as possible. 

The drawing of Fig. 10-1 lo is 
scaled to dimensions suitable for 
a i-in., 46.2-ohm coaxial line. 
Polystyrene filler is used in the 
coneentric condensers to shorten 
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the filter and to add mechanical Fie. IQ-13,— Rejection-band characteristics 


rigidity. The measured insertion of filter of Fig - 1011 °- 


loss for this filter is shown in Fig. 10-13. The design formulas given 
above predict a cutoff frequency of 2860 Mc/sec; the actually observed 
value corresponding to 3-db insertion loss is 2440 Mc/sec. The dis- 
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Fig, 10-14.—Bandpass characteristics of filter 
of Fig. 10-1 lo. 


crepancy between the calculated 
and observed value arises in part 
from the approximation inherent 
in treating the sections of line as 
lumped inductances instead of as 
transmission lines; the remainder 
of the discrepancy may be ac¬ 
counted for by the extra fringing 


capacity neglected in thedesign formulas. In practice, it is possible to com¬ 


pensate for such end effects by shaving down the length of the dielectric 


beads until the characteristic impedance of the filter matches the line. 
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Under these circumstances, the standing-wave characteristics in the pass 
band are shown in Fig. 10-14. 

A high-pass analogue 6 of the harmonic filter described above is shown in 
Fig. 10-16 together with its equiv¬ 
alent lumped circuit. As in the 
case of the low-pass filter, a short- 
circuited line of length l is sub¬ 
stituted for the lumped inductance 
L. The characteristic impedance 
of this line is again given by 

Zo = i|- (49) 

The two concentric condensers 
may be treated as lumped capaci¬ 
tances if their length is much 
smaller than l. Otherwise they 
should be considered as open-cir¬ 
cuited lines. In the former case, 
a spurious pass band appears when 
the length of the short-circuited 
line becomes longer than a quarter 

wavelength. The attenuation, however, rises very slowly and hence the 
insertion loss may remain small until the length of the line approaches 
one-half wavelength. 



Fig. 10-16.—Two-section high-pass filter and equivalent circuit. 


A two-section filter of this type is shown in Fig. 10-16. This drawing 
is scaled to dimensi ons suitable for a 60-ohm coaxial line. The filter was 
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intended to have a cutoff frequency of 900 Mc/sec; at this frequency the 
insertion loss should be, theoretically, equal to 7 db [see Eqs. (9-129) and 
(9-141)]. Actually, as seen from Fig. 1017, which illustrates the experi¬ 
mentally determined insertion loss of the filter, the cutoff frequency is 
about 680 Mc/sec. As before, this large discrepancy is caused by the 
roughly approximate nature of the design equations. The insertion 
loss is less than 0.5 db over most of the frequency range from 800 Mc/sec 
to 4000 Mc/sec. There is, however, a small hump of about 1 db occur¬ 
ring at 2700 Mc/sec approximately, the frequency for which the coaxial 



Frequency in Mc/sec 


stubs are a quarter wavelength long. 

The concentric condensers used 
in this filter are filled with Dilectene 
(k e = 3.5) to provide mechanical 
rigidity and to reduce the over-all 
length of the filter. It will be noted 
that in the two-section filter, the 
center condenser is only one-half the 
size of the end condensers since it 
must be equal to two of the end con¬ 
densers in series. 

A group of filters that is some¬ 
what analogous to the m-derived 
filters and suitable for the frequency 
range from 150 Mc/sec to 1000 
Mc/sec has been developed. These 
filters are typified by the use of 
lumped elements in the series arms 
of the ladder structure and coaxial- 


Fig. 10-17.—Rejection-band charac- line sections in the shunt arms. 

iii 8t mi6. 0f high " pass mter 8hown in Since the coaxial lines are sufficiently 
long to be resonant near the pass 
band of the filter, they may be considered as a convenient means of build¬ 
ing resonant impedances. As in the case of m-derived structures, these 
filters may be designed to have very sharp cutoffs, at some cost in the 
attenuation farther from the pass band. Moreover, the use of half sec¬ 
tions at the two ends of the filter, combined with a proper choice of their 
frequencies of infinite attenuation, results in improved bandpass 
characteristics. 


Lumped-element structures are used as guides in the design of these 
filters. The values of the elements, however, must be determined with¬ 
out making any approximations concerning the frequency behavior 
of the lines. More specifically, in order to obtain satisfactory bandpass 


characteristics, it is necessary to plot families of image-impedance curves 
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for various values of the design parameters. Attention must also be 
paid to the existence of superfluous pass bands arising from the repetitive 
dependence on frequency of the impedance of the coaxial lines. 

It must be pointed out, however, that even when the above design 
procedure is followed, the neglect of the connecting-lead inductances and 
of the stray capacitances of the coils may result in small but appreciable 
differences between predicted and observed characteristics. Finally, the 
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Fig. 10-18.—Four typical microwave filters employing lines as two-terminal elements. 


incidental dissipation, which is not taken into account in the design, will 
smear the peaks of infinite attenuation and slightly increase the loss in 
the pass band. 

The four types of filters that have been developed are schematically 
represented in Fig. 10-18 together with their attenuation functions. 
Type 1 is a low-pass filter obtained from a conventional m-derived section 
by substituting, in the shunt arm, a short-circuited line for the lumped 
inductance and an open-circuited line for the lumped capacitance. . By 
properly transforming the prototype section of Fig. 9-286 to obtain a 
cutoff frequency and terminations equal to R, it is found for the lumped 
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element structure that 


mR 


r _ 2m 

R 5? 




(SO) 


“^/LzC 2 
iterist 

according to Eqs. (9) and (10), 


\/l — m 2 

It follows that the characteristic impedances of the two lines must be, 


Zoi = 


ll 1 h Rti c 


c C 2 c 2m 

(51) 

c R f 1 \ 


h 2 tie \m m ) 

(52) 


Z 02 = 


If *i and h are much smaller than one-quarter wavelength over the 
frequency band of interest, their actual values do not matter. If this is 
not the case, however, they must be selected in such a way that the actual 
cutoff frequency <o c is kept unchanged. Consider the behaviors of and 
Z BCh , that is, of the open-circuit and short-circuit impedances of one-half 
the actual network. Since must vanish for « = « c , 


cot 


Z02 . h o> c Li 




But from Eqs, (51) and (52) the following expression is obtained: 

i (1 ~ O. 


Zq2 

Z 01 


hhul 

Equation (53) becomes,’then, 

h 

- j- - (1 - m 2 ) 

tan <t3 e — 


tan ti c — 


(53) 


(54) 


(55) 


This equation may be solved for h when l 2 is given or vice versa. Atten¬ 
tion must be paid to the fact that the frequency at which 1% becomes a 
quarter wavelength is the cutoff of a spurious pass band. Therefore, 
it is desirable to keep l s as small as possible. The constant m is usually 
made equal to 0.6 since for this value the image impedance of the half 
section (midshunt impedance) is reasonably constant over the pass band. 

The peak of infinite attenuation occurs when Z ooh = Z #cU , that is, 
when the impedance of the shunt arm is equal to zero. Therefore, 


tan 

i 


h. U 

— tan w„ — 


Zoi _ ll?2to 2 

Z 02 ~ c 2 ( 1 - m 2 )* 


(56) 
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It is interesting to note that cs„ depends on the product hh. Equations 
(55) and (56) can be solved approximately by using the first two or three 
terms of the series expansions of the tangents. The propagation func¬ 
tion of the filter is given by the expression 



The image impedance of the midshunt II-section is 



Filter No. 2 of Fig. 10-18 is derived from a conventional low-pass 
constant-fc section by substituting open-circuited lines for the shunt 
capacitances. However, if the length l of the line has its quarter-wave 
resonance at a frequency slightly larger than the cutoff frequency <a c , 
the frequency behavior of the filter becomes similar to the one of an 
m-derived section. The proper design procedure consists of making the 
cutoff frequency and the frequency of infinite attenuation of the actual 
filter coincide with <a c and of the m-derived lumped-element section. 
The following expression is, then, obtained: 


l v <a c 
<a c - = k — 
c 2 

_ «cL , l 
z 0 = -~2 tan u>c -• 


(59) 

(60) 


The image impedance of the filter at zero frequency may be made equal 
to any desired value R, usually the impedance of the terminations. In 
this case, 


(Zoch^Bch)<o=o — 2Z 0 ^ L — R 2 . (61) 


Equations (59), (60), and (61) yield 


Zo 

R 

L 

R 


1 lwj 

2\c 


tan <a c 
o c l/c 

tan taj,/c 


l _ 1 hr Uc . 
c ~ 2 \2 w 00 t 


1 fir ttfc . IT <a e 
' ^\2 Woo CO 2 Woo 


(62) 

(63) 


where, for the m-derived section, the ratio Wc/ W «n is equal to vl“ w2 - 
In the case of lumped-element sections, m must be made equal to approxi- 



632 


THE DESIGN OF MICROWAVE FILTERS 


[Sec. 10-3 


mately 0.6 in order to obtain a well-behaved image impedance for the 
midshunt half section. In the present case a somewhat smaller value of 
m, approximately 0.55, may be used. The first spurious pass band starts 
at the frequency at which l becomes equal to one-half wavelength, that is, 
at a frequency equal to 2a> 00 . For this filter, the propagation function is 
given by 

* =2tenh "\fe<«) 

and the image impedahce of the midshunt II-section is 

«- “‘fev) [*§>*(—) - >r-«») 

Filter No. 3 is derived from a bandpass constant-A; section by substi¬ 
tuting for the tuned circuit in the shunt arm an open-circuited section 
of line resonating at the mean frequency w 0 . By properly transforming 
the prototype low-pass structure into a bandpass filter with a mean 
frequency w 0 , a bandwidth w, and terminations equal to R, the following 
expressions are obtained for thfe lumped elements 

r R „ 2 1 1 

1 ~ w c *- wo - vm ; ~ y/tg; (66) 

The length of the line is given, obviously, by 


The characteristic impedance of the line must be, according to Eqs. (16) 
and (66), 




* = t?-—. 

2C 2 «o 4 b>0 


( 68 ) 


If Wo /w is relatively small the actual bandwidth of the filter becomes 
somewhat smaller than w and can be computed as the difference between 
the frequencies at which Z wh is equal to zero. 

Peaks of infinite attenuation occur at the frequencies for which l is 
one-quarter and three-quarters wavelength. In spite of this fact, the 
filter can hardly be considered of the m-derived type since these fre¬ 
quencies are determined entirely by the mean frequency w 0 , being equal 
to w 0 /2 and fw 0 . However, the image impedance of the midshunt n-sec- 
tion is somewhat flatter than the image impedance of the corresponding 
lumped-element section, although its behavior cannot be adjusted 
independently of w 0 and w. This image impedance is 
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Z'j — — 2 Z 0 cot ^ 7 r 

The propagation function is, similarly, 


7 = 2 tanh ” 1 yj^~ = 2 tanh 1 


2Zo (00 
0)qL 


“i-fey 


ov COt 7T 
j hhn “o < «>o 

b>oL -■ 




(69) 


(70) 


Spurious pass bands start at frequencies equal to 2« 0 , 3a> 0 , 4w 0 , etc. 

Filter No. 4 is derived from a lumped-element structure which is not 
of any conventional type. It has 
bandpass characteristics without 
any superfluous low-pass band. 

Its main advantage is that there 
are no condensers in the series 
arms. This fact makes it parti¬ 
cularly suitable for use at high 
power levels. For design data on 
this filter, the reader is referred to 
the original report by Mode and 
Nosker . 7 

The filter of Fig. 10-19 will be 
examined in detail to illustrate the 
practical design procedure. This 
filter is intended to operate be¬ 
tween 50-ohm terminations, to 
have a pass band from 220 to 260 
Mc/sec, and rejection bands from 
165 to 215 Mc/sec and from 275 
to 375 Mc/sec. In order to obtain 
such characteristics, a Type 2 low- 
pass filter is used in tandem with 
a Type 3 bandpass filter. The sharp cutoff of the low-pass filter is 
used to eliminate the high-frequency portion of the pass band of 
the Type 3 filter where the image impedance is varying rapidly with 
frequency. Furthermore, the Type 2 filter increases the amount of 
attenuation obtainable per section far from the pass band. The resulting 
filter is composed of five coaxial lines making up the bandpass filter and 
five coaxial lines composing the low-pass filter. The two sets of lines 



Fig. 10* 19.—Filter composed of five sections 
of Type 2 and five sections of Type 3. 
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form a fasces which is bound in a cylindrical tube 21 by 3 in. OD. The 
lines are interconnected by a centrally located coaxial line 

The schematic diagram for the low-pass unit is shown in Fig. 10-20. 
The filter consists of four n-sections. The A lines are made from a pipe 
f in. in diameter with tV - 11 *. inner conductors. These lines have a char¬ 
acteristic impedance of 111 ohms and are 8 in. in length. The B lines are 
made from f-in. tubing with center conductors ^ in. in diameter. Their 
characteristic impedance is 55.5 ohms and their length is also 8 in. 



Fig. 10-20.—Low-pass unit of filter shown in Fig. 10-19. 


The schematic diagram for the bandpass unit is shown in Fig. 10-21. 
The filter consists of four II-sections. The A lines are ^-in. ID tubings 
with OD center conductors. In this case Z 0 = 139 ohms. The 

lines are 13-ff in. long. The B lines, having a characteristic impedance 
of 69.5 ohms, are obtained from x^-in. ID tubing and -g-in. OD rods. 
Their length is equal to that of the A lines. 

The theoretical curve for the attenuation function and the experi¬ 
mental curve for the insertion loss of this filter are compared in Fig. 10-22. 
It is not unusual to encounter 10 per cent discrepancies between theo¬ 
retical and experimental results if allowance is not made for junction 
effects. 



Fig. 10-21.—Bandpass unit of filter shown in Fig. 10-19. 


10*4. Filters Employing Lines as Four-terminal Elements.—A num¬ 
ber of other filters employing sections of lines have been developed. A 
comprehensive survey including the types shown in Fig. 10-23 can be 
found in a report by P. Richards. 3 Reference should also be made to a 
much earlier survey by Mason and Sykes. 1 Four of these filters will be 
analyzed in some detail as illustrations of the design technique. 

Some of the sections shown in Fig. 10-23 make use of lines as two- 
terminal-pair networks. These sections are used in some cases in 
combinations with sections of different types to provide mechanical 
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spacing. In other cases they are used to suppress undesired pass bands 
resulting from the periodicity of transmission-line impedanees. The 
resulting filters cannot be analyzed by means of the image parameters 
of the individual sections because the image impedances of different 
sections are not, in general, equal. In such a case, the advantages of the 
image-parameter method of analysis disappear, and instead of computing 
the image parameters of the whole filter it is often just as easy to compute 
the elements of the ftCBCSD matrix (see Sec. 9-1) by multiplying the corres¬ 



ponding matrices of the individual sections. The insertion loss of the 
filter can be found readily from this matrix as shown in Sec. 9-3. A rough 
estimate of the attenuation function of the whole filter can sometimes, 
but not always, be obtained simply by adding the attenuation functions 
of the individual sections. The warning is necessary, however, that this 
method, which is correct when matched conditions exist at the junctions 
of different sections, may be misleading when mismatches are present. 
It may happen, for instance, that the whole filter has a pass band where 
the individual sections have an attenuation band. The physical meaning 
of this phenomenon is that the reflection from one section may cancel 
partially or totally the reflection from another section. Because of these 
considerations, the parameters affiCD for the individual sections will be 
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given together with the design formulas although they are not used in the 
following discussion. 



Fig. 10-23.—Four filter types and their attenuation characteristics. 


Filter No. 1 (T-section) is derived from the constant-A; bandpass 
section of Fig. 10-24. Let w be the bandwidth and « 0 the mean fre¬ 
quency. A short-circuited line of characteristic impedance Z 0 1 and 
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length 21 is substituted for the series arm, and a short-circuited line of 
characteristic impedance Z 0 2 is substituted for the shunt arm. The 
length l is given by the expression 


O) 0 l _ 7T 

c ~2 


(71) 


With reference to Fig. 10-24a and using Eqs. (16) and (20), it is found 
for Zoi and Z 02 that 


Zoi 


2 R o)o 

7T W ’ 


Z 


_ Rv w 

8 OJO 


(72) 


The ratio of the characteristic impedances is then 




These design equations are satis¬ 
factory when the ratio w/o) 0 is 
much smaller than If this is 
not the case, the actual bandwidth 
will be appreciably smaller. 



Fig. 10-24.—Constant-fc bandpass section. 

The proper design equations may be found by 
computing the cutoff frequencies of the filter as the frequencies for which 
Zooh is equal to zero. After proper manipulations, the following expres¬ 
sion is obtained: 

(74) 

Furthermore, imposing the condition 

•ZochZsch = 72 2 

at the mean frequency o> 0 yields the equation 



ZoiZoi 


(75) 


2000 3000 4000 

Frequency in Me/sec 
Fig. 10-25.—Insertion 
loss of filter Type 1 shown 
in Fig. 10-23. 


Equations (74) and (75) together with Eq. (71) 
provide all the necessary design equations. It 
must be added, however, that because the 
impedance of the line in the series arms 
becomes infinite for w = o> 0 /2 and o> = fa> 0 , there is a peak of infinite 
attenuation on each side of the pass band. However, since the locations 
of these peaks obviously cannot be controlled, the filter can hardly be con¬ 
sidered to be of the m-derived type. The propagation function is 



Table 101. —Matrix Elements for Filter Section of Fig. 10-23 
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An experimental curve is reproduced 
in Fig. 10*26 showing the insertion 
loss of one L-section, that is of one 
half of the filter shown in Fig. 10*24. 
Table 10*1 gives the matrix compo¬ 
nents for Filter No. 1 (T-section) and 
for the II- and L-sections derived from 
it. 

Filter No. 2 in Fig. 10*23 is ob¬ 
tained from the m-derived II-section 
shown in Fig. 10*26a. The series arm 
of the section is transformed into a 
series combination of two resonant 
circuits tuned to the frequencies of 
infinite attenuation co oe>i and as 
shown in Fig. 10*266. These two fre¬ 
quencies occur on opposite sides of 
the pass band. Two short-circuited 
lines of length 

are substituted for the shunt arm. 
The characteristic impedance of these 
lines must be 


1 l _ Rw w 
2Ci c ~ 4m w 0 


(78) 


In the series arm two short-circuited 
lines of length h and h are substituted 
for the two resonant circuits. Then, 


h 


IT C 

2 « Mi ; 


U 


ire 

2^‘ 


(79) 


For filters with a reasonably narrow 
band the following approximation can 
be made: 


h + h - 21 (80) 


It follows that the two lines must have 
the same characteristic impedance 
Z m since for a = « 0 the sum of their 
impedances must be equal to zero. 
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The quantity £02 can be found by equating the slope of the reactance of 
the shunt arm at the mean frequency to 2L 2 , that is, to the corresponding 
value for the lumped network. Thus, it is required that 

— Z 02 

Z„J-£ (tan *>-'+tan a>-’Y| - - - = 2L, (81) 

L«"\ o «/ J-—. e j n 2 5 !£» 

4 <o 0 

where w„ = « 00j — <o Mi ; whence it follows that 

Z„ = rin*^ = (82) 

* TT 4 <0 0 2T W 4 <0 0 

For small values of w„/q)o this equation reduces to 


= mR~(^s Y = 

4<oo\w/ 41—i 


Equations (77), (78), (79), (80), and (83) form a complete set of design 
equations in the case of narrow-band filters. For larger values of w/u 0 


2 mR _ 1/1 \ 

--1 C* = —T— I-ml, 

w 2Rw \m / 

_J_ = 1 _1_ 

LiCi LtCz LiCt 


1 w _ 


(o) (6) 

Fig. 10-26.—Two equivalent forms of m-derived bandpass filter. 

the same equations may be used, but some disagreements must be expected 
between actual and predicted characteristics. 

The components of the ft®C3D matrix are 

„ tan <o — + tan <o — 


! = jZ 02 ^tan " ~ + tan 03 

2Zoi tan <o —|- Z 02 (tan <0 — -j- tan <0 — / 
, = _j _ c \ c _ cj 

Z 01 Z 02 tan — f tan <0 — -j- tan <0 —) 
c \ c c) 
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Spurious pass bands are centered at frequencies 3a> 0 , 5o> 0 , etc. The 
characteristics of the filter, however, are not periodic functions of to. 
For instance, the difference between the frequencies of infinite attenu¬ 
ation bracketing the pass band centered at 3w 0 is fc o M . For further dis¬ 
cussion of filters of this type, the reader is referred to the original paper 
by Richards. 3 

The measured insertion loss for a filter of this type is compared in 
Fig. 10-27 with the predicted at¬ 



tenuation function; except for the 
anomalous bump in the pass band 
the agreement is good. Part of the 
discrepancy, particularly near the 
frequencies of infinite attenuation, 
is caused by incidental dissipation. 
The bump in the pass band is 
inexplicable, unless it arises from 
spurious effects introduced by the 
test procedure. 

Filter No. 3 may be considered 
as a high-pass filter derived from 
the lumped-element structure in 
Fig. 10-28. The cutoff frequency 
for this filter coincides with the 
zero of Zeeh, that is, with the resonance frequency of Li and C. The 
image impedance for to = °o is made equal to the terminating resistance 
R. The design equations are then c ^ c 

_|( — 


1000 


5000 


2000 3000 4000 

Frequency in Me /sec 
Fig. 10*27.—Insertion loss of filter Type 2 
shown in Fig. 10*23. 


R 2 


' LiC 
T Ci + C 

zLl ~cjc~' 


(84) 

(85) 



Fig. 10*28.—Equivalent circuit for filter 
Type 3 shown in Fig. 10*23. 


A section of a line of character¬ 
istic impedance Z 0 and length 21 is 
then substituted for the lattice. From Eqs. (37) and (38) it is found that 

In-zA; C, = ll (86) 


Equations (84), (85), and (86) then yield, for ioJ/c «. 1, 

Z 0 = R (87) 

The length l is arbitrary but must be made short compared with a quarter 
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wavelength over the frequency band of interest. When this condition is 
satisfied, the behavior of the actual filter approximates closely the 
behavior of the lumped-element network. On the other hand, if this 
condition is not satisfied, the behavior of and Z Bch must be examined 
for the actual filter. It is easy to show that the exact value of the cutoff 
frequency <a c is given by the expression 

Z«*cC tan u c -= 1 for we - < ~ (89) 

C C & 

The impedance Z 0 can still be made equal to the terminating impedance 
R, since it is well known that under these conditions there is always a 
frequency at which the reflections arising from the two condensers cancel 
each other and perfect transmission results. 



Fig. 10-29.—A practical form of filter Type 3 shown in Fig. 10-23. 

Spurious attenuation bands appear between the frequencies at which l 
becomes equal to an integral number n of quarter wavelengths and the 


frequencies at which Eq. (89) is satisfied for (n — 1) ^ ~ < n It 

follows that this filter may be used also as a bandpass filter. 

For the components of the Ot«ea> matrix it is found that 



A practical design for a filter of this type is shown in Fig. 10*29. 
It consists of a coaxial line with polystyrene filler between the inner and 
outer conductors. The inner conductor is broken periodically and the 
sections thus formed are spaced with Dilectene washers to form series 
capacitances. The capacitances of the first and last condensers are equal 
to C whereas the capacitances of the other seven condensers are equal to 
C/2. The filter consists, thus, of eight prototype sections. The experi¬ 
mentally determined insertion loss for this filter is shown in Fig. 10-30. 
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Filter No. 4 in Fig. 10-23 may be derived from the low-pass filter 
shown in Fig. 10-31. The cutoff frequency a> e of this filter coincides with 
the zero of Z^, that is, with the resonance frequency of L 2 and Ci. The 
zero-frequency image impedance is made equal to the terminating 
resistance R. Under these conditions, the design equations are 


R 2 = 


1 

L2C1 

Li + L 2 
C 1 


(91) 

(92) 


Note that the attenuation never becomes infinite; however, the image 
impedance, and consequently the insertion loss, become infinite for 



Frequency in Mc/sec 

Fig. 10-30.—Insertion loss of filter shown 
in Fig. 10-29. 


The corresponding microwave 
filter is designed by substituting a 
line of characteristic impedance Z 0 i, 
and of length 21 for the lattice, and a 
short-circuited line of characteristic 
impedance Z 02 and of length l for 
the series inductance. Then 

Li = Z01 -> Ci = -y- 

c Z01 c 

L 2 = Z 02 — f (93) 

or 

Z M = 

is? _ /^Y. 

Z 01 \ c ) 

According to Eq. (92), the result is 
R 2 = Zoi(Z 0 i + Z 02 ). 


However, if oi c l/c is small compared with unity, that is, if l is much 
smaller than one-quarter wavelength for « = w c , the design can be 
simplified by letting Z 0 i = R. This will change the loss in the pass 
band somewhat; as a matter of fact, it will tend to improve the char¬ 
acteristics of the filter since perfect transmission will be obtained not only 
at zero frequency but also at the frequency for which the image impedance 
is equal to R. 

Note that all the lumped elements have been effectively replaced by 
sections of line of equal length L It follows, according to the discussion 
in Sec. 10-1, that the frequency characteristics of the microwave filter 
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can be obtained without any approximations from the corresponding 
functions for the lumped-element filter by simply substituting tan &/ ^ 

for «. Thus the resulting functions have a period equal to tt |, as shown 

in Fig. 10-23. The components of the ftffiCD matrix can be obtained 
from Eq. (90) by substituting Z 0 1 

for Z 0 and Z 02 tan ^ for — 

Other types of filters, similar 
to the one discussed above, can 
be designed without difficulty. 

For further discussion of these 
filters, the reader is referred to the 
original report by Richards. 3 

10*6. Waveguide Filters.—It may be noted that no waveguide filter 
has been described up to this point. Theoretically speaking, the behavior 
of hollow-pipe waveguides is so similar to the behavior of conventional 
transmission lines that one might expect to find waveguide filters analogous 
to the broadband filters discussed in the preceding section. No such fil¬ 
ters, however, have ever been built for a number of reasons. 

First of all, a waveguide is intrinsically a high-pass filter. Low-pass 
filters are thus excluded, and the need for any high-pass filter other than a 
simple section' of guide is rather improbable. The characteristics of 
guides as high-pass filters are discussed below. In the second place, 
it would be rather difficult to design filters employing sections of wave¬ 
guides as elements because of the junction effects. These junction 
effects, which in general can be minimized in the case of conventional 
transmission lines, become of paramount importance in the case of wave¬ 
guides. It follows that not only does any theoretical design become 
worthless, but even the mathematical analysis of a given system becomes 
impossible to perform. In the case of narrow-band filters, however, the 
difficulties arising from the use of waveguides are easily overcome, as 
will be shown later. 

In view of this situation, it is fortunate, indeed, that waveguide 
filters very seldom require a broad pass band. TR switches are the only 
broadband filters ever built. Even in this case, the design procedure for 
narrow-band filters is applicable. The fact that broadband filters are 
seldom needed becomes clear when one considers that the absolute fre¬ 
quency band required to transmit a given intelligence is independent of 
the frequency of the carrier. . It follows immediately that the same 
intelligence that requires, for instance, a 10 per cent band at 300 Mc/sec 
will require only a 1 per cent band at 3000 Mc/sec, 


L 2 Li l 2 



Fig. 10-31.—Equivalent cirouit for filter 
Type 4 shown in Fig. 10-23. 
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It seems worth while to discuss the behavior of waveguides as high- 
pass filters in more detail. Below a certain critical frequency, an exciting 
field in a waveguide will die out exponentially according to the law 
E = E 0 e~ ax where E 0 is the amplitude of the field at the point of excitation 
and x is the distance from this point to the point of measurement. The 
threshold frequency for this phenomenon is known as the “cutoff fre¬ 
quency” and depends on the geometry of the waveguide and the particu¬ 
lar mode excited. In the follow¬ 
ing discussion, attention will be 
confined to the damping of domi¬ 
nant modes in rectangular and cir¬ 
cular waveguide. 

The attenuation function is 
given in all cases by 



0.2 


= 8.69 




db/meter 
where X and Xc are, respectively, 
the free-space wavelength and the 
cutoff wavelength in meters. It 
should be recalled that this at¬ 
tenuation is not a consequence of 


0.4 0.6 0.8 1.0 

Fig. 10-32.—Attenuation below cutoff in a 
waveguide. 

dissipation of a traveling wave, but is attenuation by reflection just as 
in the case of nondissipative filters. 

It is clear from the foregoing equation that the maximum obtainable 
attenuation is 54.6/X c db/meter. For the TEi 0 -mode in rectangular 
waveguide Xc = 2a, where a is the wide dimension of the guide; for the 
n-mode in circular waveguide, X c = 3.41r, where r is the radius of the 
guide. 

Figure 10-32 gives a normalized plot of the attenuation function as a 
function of X c /X. It is apparent 

~ Z2 




_L 


T 


Fig. 10-33. —High-pass filter constructed 
from a tapered rectangular waveguide. 


from this graph that any device 
that alters X c will change the cutoff 
frequency. Thus, for instance, a 
variable cutoff high-pass filter can 
be obtained by placing in the guide a thin, longitudinal dielectric or 
metallic slab which can be moved across the waveguide. A method of 
obtaining the same result by means of a variable-width guide has been 
described by Wadey. 4 

The insertion loss of a section of guide differs from the total attenua¬ 
tion of the section and depends on the source and load impedances just 
as in the case of conventional filters. Tapers are used in most cases to 
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match the input and output guides to the attenuating section as shown 
in Fig. 10-33. However, a perfect match can never be obtained because 
the guide wavelength approaches infinity when the frequency approaches 



Fig. 10-34.—Behavior of tapered waveguide near cutoff frequency. 

its cutoff value. Figure 10-34 gives typical data on a filter section of 
this type. 

FILTERS EMPLOYING DIRECT-COUPLED CAVITY RESONATORS 
It has been pointed out that the use of lines in filter design is limited 
by the values of characteristic impedances obtainable in practice. More 
specifically, it is not practical to build narrow-band filters employing 
lines, inductances, and capacitance, exclusively. A similar situation 
arises also in connection with lumped-element filters because of practical 
limitations on the size of the elements. In the latter case, the difficulty 
is overcome by transforming the network, usually a ladder structure, into 
a cascade of resonant circuits loosely coupled through mutual inductances. 
As an example, consider the bandpass section of the constant-A; type 
shown in Fig. 10-35o. This filter is designed for a mean frequency 
«o, a bandwidth w, and terminating impedances equal to R. With 
reference to the design equations given in Fig. 10-35o, it is obviously 
difficult to build inductances and capacitances of the widely different 
sizes required for a 1 per cent bandwidth, that is, for a ratio u 0 /w equal to 
100 . 

To circumvent this difficulty the network is transformed into the 



646 


THE DESIGN OF MICROWAVE FILTERS 


[Sec. 10-6 


equivalent structure shown in Fig. 10-356. The reader who is not familiar 
with the details of this transformation procedure is referred to Chap. 4, 
Sec. 6, of Communications Networks by E. A. Guillemin. The equivalence 
of the two structures as two-terminal-pair networks can be checked with¬ 
out difficulty, however, by computing the impedances Z^* and Z^. In 
the transformed network, all the inductances have the same value, and 
the ratio Cj/Ci is only 2. If Li is still too large, the impedance level of 
the whole network may be changed by means of ideal transformers or, 
in practice, by means of two suitable matching networks. This method 
of designing narrow-band lumped-element filters leads to a solution of 
the analogous problem in the case of microwave filters. Cavity reso¬ 
nators are known to behave, in the vicinity of a resonance frequency, 
like simple resonant circuits. It follows that a possible microwave 
realization of a narrow-band filter will consist of a number of cavity 



(a) (b) 

Fig. 10-35.—A prototype constant-* bandpass filter transformed into a more practical 
equivalent form. 


resonators coupled to one another in such a way that they form a chain. 
For this reason, cavity filters will now be discussed. Initially, however, 
there will be a digression for the discussion of the properties of cavities as 
network elements. 

10-6. Cavity Resonators as Circuit Elements. —Any cavity resonator 
is inherently a very complex network. It has an infinite number of 
natural frequencies of oscillation and, moreover, it may oscillate in more 
than one mode at any given natural frequency. The present section is 
concerned, particularly, with the external characteristics of cavities, 
that is, with their behavior as circuit elements. In view of this fact, one 
must consider a cavity together with the elements that couple it to the 
rest of the network. Under these conditions the frequency behavior of 
a cavity can be represented by means of any convenient set of three 
independent functions of frequency. The three open-circuit reactances 
Xu, X 12 , X 2 2 are particularly suitable for this purpose because they lead 
directly to a convenient form of equivalent circuit. These reactances 
are measured at the terminals of the cavity. No difficulty arises when 
the terminals consist of coaxial lines operated in the dominant TEM~ 
mode. In the case of waveguide terminals, however, doubt may exist 



Sec. 10-6] CAVITY RESONATORS AS CIRCUIT ELEMENTS 647 

concerning the exact meaning of impedance. This question deserves 
some attention before an analysis of cavities is given. 

Impedance, when defined in the conventional manner as the ratio of 
voltage to current, loses its meaning in connection with waveguides 
because of the lack of terminals at which these quantities can be meas¬ 
ured. It turns out, however, that the ratio of the transverse component 
of the electric field to the transverse component of the magnetic field is 
constant over any cross section of a waveguide and has the physical 
dimensions of an impedance. This ratio can be substituted, for most 
practical purposes, for the impedance as defined in the conventional 
manner. In particular, this ratio has the same functional properties 
with respect to frequency as regular impedance functions, that is, it 
obeys the same restrictions and fol¬ 
lows the same theorems. 

The only limitations to such a 
concept of impedance is that two 
such impedances cannot be compared 
when they are measured in different 
guides. This limitation, however, 
has no practical importance since 
such a situation never arises. In 
fact, the behavior of a network 
depends only on the relative values 
of the impedances measured at the 
same pair of terminals and never on 
the relative values of impedances 
measured at different pairs of ter¬ 
minals. A proof of this fact for the 
case of a two-terminal-pair network is given in Sec. 9-3. For further dis¬ 
cussion of the physical meaning of waveguide impedance the reader is 
referred to Yol. 8. 

According to the above definition of impedance, the characteristic 
impedance of a waveguide becomes the ratio of the transverse component 
of the electric field to the transverse component of the magnetic field for 
matched conditions, that is, when no standing wave is present in the 
guide. This ratio, which is also called the “wave impedance,” can be 
expressed in the case of TE -modes as follows: 



where u c is the cutoff frequency of the guide. 



cavity resonator. 


( 94 ) 
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It is common practice in transmission-line work to normalize any 
impedance with respect to the characteristic impedance of the line in 
which such impedance is measured. The same practice is followed in 
the case of waveguides. It should be remembered, however, that since 
in this case the characteristic impedance is an irrational function of fre¬ 
quency, the normalized impedance does not have the same functional 
behavior as regular impedance functions. 

The foregoing considerations on the meaning of impedance in wave¬ 
guides permit the discussion of the frequency behavior of cavities with¬ 
out any limitation on the type of terminals. Consider first the case of a 
cavity with a single input line. Foster’s reactance theorem 19,20 states 
that the input reactance X(w) of any two-terminal reactive network can 
be represented in the form shown in Fig. 10-36a. When this theorem is 
applied to a lossless cavity, each tuned circuit of the equivalent network 
corresponds to one of the resonance frequencies of the cavity, that is, one 
of the frequencies at which the input reactance becomes infinite. 

The reactance of the cavity can then be written 


(95) 

The values of the parameters are given by the expression 



where B(w) is the input susceptance of the cavity. 

Another form of equivalent network is shown in Fig. 10*366. The 
reactance X(a>) can be written in terms of the parameters of this network 
as follows: 
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( 99 ) 
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7-7 

2 L dw 




The Arth term of the summation of Eq. (99) is the reactance of the Ath 
resonant loop reflected in the primary loop through the mutual induct¬ 
ance M k . It is physically clear that, given any arbitrary value «' of «, 
at any frequency w < the terms of the summation for which u>l » w' 2 
can be neglected. In fact, under these conditions the resonant loop is 
approximately an open circuit, and therefore the reactance reflected in 
the primary loop is negligible. For c 

this reason, Eq. (99) and the cor- o-1(—i -i °- •— ^ 

responding network of Fig. 10*365 oljo _L I . q| 

are preferable, in the case of distrib- r i ~ p °) 

uted-constant systems, to Eq. (95) 0 _I 1_I o-_J 

and the corresponding network of (a) (b) 

Fig. 10-36a. For a mathematical Fig. 10-37.—Approximate circuits of a 
discussion of this question and of the 

convergence of the infinite summations of Eqs. (95) and (99), the reader 
is referred to the original paper by S. Schelkunoff, 18 and to Yol. 8. 

In most practical cases it is the behavior of a cavity in the vicinity of 
a resonance frequency w p , that is, of a pole of X(o>) that is of interest. 
By “vicinity” is meant a frequency band that is centered at w p and has 
a width small compared with w p and with the difference between « p and 
the adjacent resonance frequencies. Under these conditions all the terms 
of the summations in Eq. (99) either are negligible compared with the 
pth term or behave approximately like negative inductive reactances. 
The equivalent network reduces then to the one shown in Fig. 10-37a in 
which 

C - Co (103) 




If one step further is taken by neglecting the reactances of C and L and 
the variation of w/W, the equivalent network of Fig. 10*375 is obtained; 
its reactance is simply the pth term of the summation in Eq. (95). 
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Consider now the case of a cavity with input and output couplings. 
The cavity becomes then a two-terminal-pair network with an infinite 
number of natural modes of oscillation, that is, an infinite number of 
frequencies at which the open-circuit reactances Xu, Xu, X 22 become 
infinite. If no dissipation is present, the extension of Foster’s reactance 
theorem 19 to the case of two-terminal-pair networks leads to the following 
expressions for the open-circuit reactances of a cavity:* 


IoW ” _ + X ; 


ir / x T 1 , V * 

A22\“) — 20-TV - + / T , o - 

O>C 20 i_J L k (o)l — CO 2 ) 
& = 1 

^•1 


(105) 



Fig. 10-38.—Equivalent circuit of a cavity 
with twc pairs of terminals. 

(101), and (102), namely, 


The corresponding equivalent cir¬ 
cuit is shown in Fig. 10-38. Each 
resonant loop is tuned to a natural 
frequency of the cavity and cor¬ 
responds to one term in each of 
the summations of Eq. (105). 
The mutual inductance M 0 repre¬ 
sents direct inductive coupling 
between the input and output 
terminals. The two capacitances 
Cm/2 together with the ideal 
transformer represent direct ca¬ 
pacitive coupling between the 
input and output terminals. 

The values of the elements in 
the equivalent network of Fig. 
10-38 are given by equations 
similar in form to Eqs. (100), 


* This analysis is based on the assumption either that only one mode of oscillation 
is associated with any resonance frequency of the cavity or, if several modes have the 
same resonance frequency, that these degenerate modes are coupled symmetrically to 
the input and output terminals. The case of degenerate modes asymmetrically 
coupled to the terminal can be considered as the limiting case of normal modes with 
almost equal resonance frequencies. This case, however, is rare since asymmetric 
couplings eliminate, in general, any preexistent degeneracy of modes. 
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(106) 

(107) 

(108) 

(109) 

( 110 ) 

( 111 ) 


where B n = — - 


> — y — are the open-circuit sus- 


1 R = 1 R _ 1 

X ' -, r >22 — — Y 7- , -D 12 = 

11 A 22 -A12 

As in the case of a cavity with a single pair of terminals, given 
any arbitrary value a' of a, for a < a/, the terms of the summations for 
which (a/) 2 can be neglected. 

Similarly, in the vicinity of any 
resonance frequency o) p , the equiv¬ 
alent network reduces to the one 
shown in Fig. 10-39a. The param¬ 
eters L x , Ci, L 2 , C 2 are given by 
equations similar to Eqs. (103) 
and (104), whereas M and C m are 
given by the expression 


M = M 0 


p-i 

■l 


MxkMik 

L k 1 


( 112 ) 



If a further simplification is made 
by neglecting the reactances of Lx, 

Ci, I/ 2 , C 2 , M, and C m , the equiv¬ 
alent circuit shown in Fig. 10*395 
is obtained. The ideal transformer produces the required change of imped- 


Fig. 10-39.—Approximate equivalent circuita 
of a cavity with two pairs of terminals. 


ance level if the network is not symmetrical, 
are given by 


The values of the elements 
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(113) 

(114) 


The effect of incidental dissipation can be taken into account, to a 
first approximation, by inserting a series resistance Rk in every resonant 
loop of the equivalent circuit of Fig. 10-38. The value of R k is usually 
expressed in terms of the Q of the cavity at the frequency by the 
relation 


rT = <3 ‘’ 


(115) 


where Q k is defined as 2ir times the ratio of the energy stored to the 
energy dissipated per cycle when the cavity oscillates at the Arth natural 
frequency. The quantity Q k can also be expressed in terms, of the fre¬ 
quency behavior of the open-circuit impedances Z u , Z 22 , and Zi 2 . Let 
Wk be the difference between the frequencies on both sides of u> k at which 
the square of the magnitude of any one of the three open-circuit imped¬ 
ances becomes one-half of its maximum value; then 


«■ - S' (116) 

It should be noted, however, that this equation is correct only if w k is 
small compared with the difference between to* and the nearest resonance 
frequency of the cavity. 

Dissipation is taken into account in the equivalent circuit of Fig. 
10-396 by means of a shunt conductance G p given by 



It is common practice in dealing with a cavity resonator to express 
the elements of the equivalent circuits in a normalized form by means of 
the so-called “loaded Q’s.” Let Z 0 1 and Z 02 be the characteristic imped¬ 
ances of the input and output lines respectively. The quantity (Q p )li 
is defined as the Q of the cavity at the frequency w p when a resistance 
equal to Z 0 1 is connected to the input terminal. With reference to the 
equivalent circuit of Fig. 10-396, which is exactly correct for a> = <a p , 

tn \ _ nt? _ «*Zoi!<»«(«) 1 £01 L P 

(<w “ " 0, ’ c * Zn - = -^MT P ' (118) 

(Qp)l2 is defined similarly as the Q of the cavity when a resistance equal 
to Z 02 is connected to the output terminals. In this case 
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X m Zq2 «pZ 0 2 [dB 22 (u)] _ Z 02 Lp 

(Q P U - <»pC P — [—CUTl-„, - » P M\ p (119) 

It follows that the Q of the cavity, when loaded on both sides, becomes 


(QpU 


Z01Z02 


( Q p )li(Qp)l 


P a 2 Z 01 + Z 02 (Q P )l 1 + ( Qp)l 2 


( 120 ) 


Note that in defining these loaded Q ’s it has been assumed implicitly 
that there is no dissipation inside the cavity. If the loaded Q ’s were 
determined experimentally, instead of (Q p )li, (Q p )l 2 the following values 
would be obtained: 


(Q p )li = 
(Q' P )l2 = 


Q p (Q p )l 1 

Q P + (Qp)li 
Q P (Qp)l2 

Qp + (Qp)l2 


( 121 ) 

( 122 ) 


In conclusion, the behavior of a cavity in the vicinity of a resonance 
frequency co 0 is determined by three parameters, namely, Q 0 , Qli and Q L 2 . 
The subscript p has been (hopped since from now on the behavior of 
cavities in the vicinity of only one resonance frequency will be considered. 

10*7. Design of Cavity Resonators.—Of all the various types 
described, only the simple cylindrical cavity, the reentrant cylindrical 
cavity, and the rectangular cavity need be considered. These types 
satisfy, in general, the size and weight requirements imposed on filters 
and can be manufactured by simple processes. 

The unloaded Q of a cavity is determined by the volume-to-surface 
ratio of the cavity, the mode excited, and the resistivity of the surface. 
In designing simple resonant cavities for filters, it is desirable, if possible, 
to have only one resonance frequency lying within the frequency range 
of interest. In general, this procedure sets an upper limit on the size 
of the cavity and consequently on the Q 0 of the cavity for a given surface 
material. In some cases a compromise must be effected, since to reduce 
the dissipative loss in the filter to a minimum, Q 0 should be as large as 
possible. 

For quantitative illustration, consider the use of a symmetrical cavity 
as a selective transmission device. Let the input and output lines be 
properly terminated in their characteristic impedance Z 0 . An approxi¬ 
mate equivalent circuit for the system is shown in Fig. 10-40a. The 
voltage source E, in series with the line impedance Z 0 is transformed into 
an equivalent current source shunted by Z 0 as shown in Fig. 10-406. 
The ratio of the power delivered to the load to the power available from 
the source behaves with frequency as a simple resonance curve, as shown 
in Fig. 10-41. The ratio of the mean frequency « 0 to the difference w 
between the two half-power frequencies is, by definition, equal to Q' L , 
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the Q of the dissipative Cavity when loaded on both sides by Z 0 . If 
Qo is the unloaded Q of a symmetrical cavity, for the insertion loss L 
at resonance 

L - 20 logio (l + ^ (123) 

In view of the relation between Ql and bandwidth, it is clear that losses 
are more important in narrow-band filters. 



(o) (6) 

Fig. 10-40.—Two equivalent circuits of a cavity loaded on both sides. 


From the foregoing discussion, it is evident that to change the effective 
bandwidth of a cavity, the coupling to the cavity must be altered. The 
exact manner in which this may be done depends on the type of coupling 
used, which in turn is largely dependent on system requirements. 

In many cases, it is convenient to make a cavity resonator by placing 
two irises in a section of rectangular waveguide. This procedure has 
the advantage of permitting the theoretical calculation of the size of 

irises required for a given loaded 
Q- In waveguides, inductive irises 
are almost always used as cou¬ 
plings. These are superior to 
capacitive irises from the point of 
view of both loss and power-han¬ 
dling capacity. Even more im¬ 
portant, perhaps, is the fact that 
for a given amount of coupling, 
the opening for an inductive iris is 
always bigger than for the cor¬ 
responding capacitive iris, and 
hence the inductive iris is easier to make. For instance, a normalized 
susceptance of 10 in a 1- by i-in. waveguide requires a gap size in a 
capacitive iris of 0.004 in. whereas the opening in a symmetrical inductive 
iris with the same susceptance is approximately 0.25 in. For similar 
mechanical reasons, the symmetrical inductive iris is preferred to the 
asymmetrical iris. Moreover, the second mode excited by a symmetrical 
iris in a rectangular guide is the TEao-mode whereas the asymmetrical 
iris excites the TEoo-mode also. 



3 



I_L_ 

V 


Frequency 

Fig. 10-41.—A simple resonance curve. 
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It is possible to calculate by simple formulas, as shown below, the 
normalized susceptance required 100Q 
for a rectangular cavity with a 
given loaded Q. From the nor¬ 
malized susceptance the size of the 500 
inductive iris required may be cal¬ 
culated. It is important to take 
into account the thickness of the Q L 
iris since this has an appreciable 
effect on the normalized suscep¬ 
tance and hence on the loaded Q. 10Q 
Figure 10-42 shows a theoretical 
curve of the loaded Q as a function 
of iris size when zero iris thickness 50 
is assumed, and a similar experi¬ 
mental curve for irises in. thick Fig. 10-42.—Loaded Q as a function Oi 
in a 1 - by £-in. guide. for rectangular cavity in 1_ by i " iru 

If the cavity is made of rectan¬ 
gular waveguide with completely closed ends, the resonance frequency 
occurs when the length of the cavity is equal to X„/2. When the coupling 

irises are introduced, however, the 
length of the cavity must be re¬ 
duced to maintain the same reso¬ 
nance frequency. For stronger 
couplings, that is, larger iris open¬ 
ings, the shortening required is 
correspondingly greater. Figure 
10-43 shows this relation for cavi¬ 
ties made from 1 - by i-in. rectan¬ 
gular waveguide using ^-in. 
inductive irises. It is obviously 
impossible to build a cavity whose 
resonance frequency is exactly 
equal to a specified value. There¬ 
fore, it is considered good practice 
to make the distance between the 
irises slightly shorter than required 
and to provide a capacitative tun¬ 
ing screw which can be used to 
tune the cavity over a 10 per cent 




Fig. 10-43.—Foreshortening of rectangular 
waveguide cavity as function of loaded Q. 


frequency band. If the screw is 
placed at the center of the cavity 


where the currents are a minim um, it introduces only a slight additional loss. 
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The final form of such a cavity constructed from 1- by £-in. rectangu¬ 
lar waveguide and designed to resonate at 3.3 cm is shown in Fig. 10-44. 



Fig. 10-44.—Rectangular cavity resonator. 


can be determined by making the < 
normalized) equal to zero for o> = w 0 


In order to illustrate the general 
remarks made above it appears 
worth while to give the design 
calculations for this cavity as an 
example of the required procedure. 
Furthermore, these calculations 
will offer the opportunity of point¬ 
ing out the effects of certain ap¬ 
proximations currently made in 
the design of cavities. 

The arrangement of two induc¬ 
tive irises in a rectangular wave¬ 
guide and its equivalent circuit are 
shown schematically in Fig. 10-45a 
and Fig. 10-456. Let 6 be the nor¬ 
malized susceptance of either iris. 
The length l of the section of guide 
•en-circuit input susceptance (not 
For J3n 


1 — 6 tan ( - \/o) 3 — col j 


Therefore, the proper length l is given by the expression 



where 6 0 is the value of 6 for 
03 = o)q. To determine the loaded 
Q’s of the cavity, the slope of J3n 
for 03 = o) 0 must first be computed. 
If Ql is larger than 100, it is rea¬ 
sonable to neglect the frequency 
variation of 6. On the basis of 
this assumption, from Eqs. (124) 
and (125) there is obtained the 



h—/—*1 


(O) ( b) 

Fig. 10-45.—A simple rectangular cavity 
in waveguide and its transmission-line 
equivalent. 

equation 



( 126 ) 
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The loaded Q of the cavity is then, from Eq. (120), 


Ql = - 




[‘-( 2 )'] 


tan~ 


2b 0 

bl - l' 


For large values of b 0 this equation becomes approximately 

bl 


( 2 )' 
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(127) 


(128) 


Thus, to a first approximation, Ql varies quadratically with b 0 . 

The design of an inductive iris for a given b 0 is straightforward. For 
an infinitely thin symmetrical iris there is the approximate relation 



(129) 


where d is the opening of the iris and a is the width of the guide. Sub¬ 
stitution of Eq. (129) in Eq. (128) yields 



Thus, for sufficiently small values of dfa, Ql is proportional to dr 4 . This 
relation reveals how critical are the iris dimensions for large values of 
Q l . Equation (128), on the other hand, points to the necessity of cor¬ 
recting Eq. (129) to take into account the thickness of the irises. 

The amount of loss at resonance may be calculated from Eq. (123). 
For instance, a cavity with a Qo of 10,000 and a loaded Ql of 100 has a 
loss at resonance of only 0.08 db; but if Ql is increased to 500, the cor¬ 
responding loss is 0.42 db. 

It is interesting to compare the above results with the insertion loss 
computed from the elements of the «®e£> matrix of the system. For 
the matrix elements 


= 3D = cos 6 — b 0 sin 0, \ 


= j sin 0, > 

(131) 

= j[( 1 — bl) sin 0 + 2bo cos 0] ) 


0 = - y/u 2 — b)\. 
c e 

(132) 


where 
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Consequently, it is found that for the insertion loss 

L = 10 logio 1 + ^ (2 cos 6 — b 0 sin 0) 2 

Since perfect transmission is obtained for 

tan 6 = % 
bo 

the proper value of l is given by 


tan - V“o “ = ir* 

c bo 


(133) 

(134) 


(135) 


The apparent disagreement between this equation and Eq. (125) 
results from the implicit assumption that perfect transmission through 
the cavity occurs at the resonance frequency co 0 as the equivalent circuit 
of Fig. 10-396 would indicate. This equivalent circuit, however, neglects, 
in our case, the reactances coola = co 0 L 2 = — Z 0 /b 0 (see Fig. 10-326). It 
can be shown that these reactances shift the frequency of perfect trans¬ 
mission from too to 

= too [l - 2Q l (\+ 6 2 )} (136) 


The bandwidth to' between the half-power points of the transmission 
curve becomes 


w' 0 

Ql 1 + 6 ,f 


(137) 


For large values of 6 0 these corrections are evidently negligible and Eqs. 
(125), and (135) lead to identical results for any practical purposes. 

Consider now a rectangular cavity asymmetrically loaded. Let &i 
and & 2 be the normalized susceptances of the input and output irises 
respectively, and l the distance between the two irises. For Bn and B 22 






&i + - 


6 2 + tan 




62 + - 


I — 62 tan 
61 + tan 


fi".0 

q^) 


1 — 61 tan 


(jv^O 


(138) 


(139) 


For co = to 0 both Bn and B 22 must vanish. It follows that the proper 
length of the cavity is given by 


61 + 63 
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The slopes of flu and B 22 at their common zero are given by 


(20_ 


/ dBj2 \ _ / dBii \ 

\ da ~ \ da ) u 

The loaded Q’ s of the cavity are then 

b\ + 1 

2 I 1 - 


Vco 0 2 - 0)2 6162-1 


62 + 1 

* 6 ? + 1 ' 


Qli 




_! 6l + 62 

1 6x6 2 - 1 


Ql2 — Qj 


62 + 1 
1 6f + 1* 
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(141) 

(142) 

(143) 

(144) 


These equations can be further simplified for large values of 61 and 62 
as in the case of symmetrical cavities. 

A design procedure similar to the one just described can be followed 
when a circular waveguide is used instead of a rectangular waveguide. 
In this case circular irises are recommended. 

In some cases it is desirable to use other types of cavities with rec¬ 
tangular waveguide feeds. Irises are still used as coupling elements 
although theoretical design is usually impossible since the field distribu¬ 
tion is not, in general, the same on the two sides of an iris, and the cor¬ 
rect coupling must be determined empirically. For obvious reasons of a 
mechanical nature, circular irises are preferred to inductive irises. An 
example of the use of circular irises is shown in Fig. 10-62. 

To connect a cavity to a coaxial line, three types of coupling devices 
may be used, namely, loops, probes, and irises. These three methods of 
coupling are illustrated schematically in Fig. 10-46. The cavities shown 
in this figure are of the reentrant cylindrical type. They may be con¬ 
sidered, roughly, as sections of coaxial lines short-circuited at one end 
and loaded with a capacitance at the other end. From the point of view 
of reproducibility, the iris and probe couplings are to be preferred. 
However, the loop coupling presents considerable advantages when the 
coupling has to be adjusted after assembly. In fact, the coupling can 
be varied very easily by rotating the plane of the loop with respect to 
the cavity. 

The introduction of the coupling elements in a cavity alters the 
resonance frequency by a small but unpredictable amount. For this 
reason, as in waveguides, it is general practice to provide a method for 
tuning the cavity to the desired frequency after assembly. This tuning 
can be accomplished in reentrant cavities by making the length of the 
center conductor adjustable. A cavity with loop couplings and adjust¬ 
able-screw tuning is shown in Fig. 10-47. This cavity can be tuned over 
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more than a 10 per cent band at about 3000 Mc/sec. Its Qo is about 
5000 and the loaded Q with the loop size shown is about 500. The 
resulting transmission loss at resonance is about 0.5 db. 



The main disadvantages of a cavity resonator are its size and weight. 
In many cases where a loaded Q of less than 30 to 40 is sufficient, it is 
possible, by replacing cavities with resonant irises, to reduce the weight 
and space required. These irises behave like parallel-tuned circuits in 
shunt to the line and, therefore, may be considered as combinations of 



Fig. 10-47.—A reentrant cylindrical cavity resonator with loop couplings and provision 
for tuning. 

inductive and capacitive irises. Several types of such irises may be used, 
the most common of which are illustrated schematically in Fig. 10-48. 

The saving in space and weight associated with the use of a resonant 
iris results from the fact that the waveguide is used to store the energy 
associated with the iris, while still performing its function as link to other 
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components of the system. However, since the ratio of the effective 
volume to the surface is always smaller for an iris than for a cavity with 
the same loaded Q, the dissipative losses in the iris will always be greater. 
Thus, the use of resonant irises is restricted to values of loaded Q suf¬ 
ficiently small to keep the trans¬ 
mission loss within reasonable 
limits. On the other hand, the 
design of cavities becomes rather 
difficult when small loaded Q's of 
the order of magnitude of 50 are 



desired because the coupling ele- VZ\ RZ7] 

ment becomes a major portion of ~~j 

the cavity. It follows that reso- //'fyy//' ///] Y//\ 

Dant irises are complements to ^ , 0 48 ,-Simple iil» 

cavities rather than substitutes for 

them. Their application in the design of broadband waveguide filters 
will make this fact more evident. 


10*8. Theory of Direct-coupled Cavities. —In many applications, a 
simple resonant cavity does not provide sufficient off-band attenuation 
for a given maximum insertion loss in the pass band. Consequently, it 
is appropriate to inquire how more satisfactory characteristics may be 
obtained by using a chain of cavities directly coupled to one another. 
It has been pointed out previously that such a system resembles the well- 
known lumped-element structure characteristic of narrow-band filters. 
The following analysis will show that microwave filters consisting of a 
chain of cavities all tuned to the same frequency can actually be derived 


without difficulty from corresponding lumped-element filters. 

Each cavity in a chain can be represented in the vicinity of its reso¬ 
nance frequency w 0 by an equivalent circuit of the type shown in Fig. 
10-39a. For simplicity, any direct coupling between input and output 
terminals will be neglected. Furthermore, since narrow-band filters are 
under consideration, the frequency dependence of all nonresonant react¬ 
ances such as those resulting from mutual inductances will be neglected. 


It follows that the actual nature of such a nonresonant reactance is 
immaterial. For the sake of simplicitv, these reactances will be indicated 


schematically as inductances. 

On the basis of the above assumptions, the equivalent circuit for a 
chain of cavities takes the form shown in Fig. 10-49a. The reactance X k 
is the coupling reactance w 0 Mjt between the kth cavity and the preceding 
one. X s amd X L are the reactances of the input and output loops 
respectively. All elements of the network are normalized with respect 
to the terminating resistances, or, in other words, the network is designed 
to operate between 1-ohm terminations. 
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(b) 

Fig. 10-49.—The equivalent circuit for a chain of cavities and the corresponding prototype 
low-pass structure. 


Let Z be the impedance of any one of the resonant loops and let to 0 be 
the resonance frequency thus: 

< 145 > 

The input impedance Z x of the network when terminated in a 1-ohm 
resistance can be written in the form of a continuous fraction as follows: 


Z\ — jX s + 




z + - 




z + - 


(146) 




Z + ^ 


g I SUi 


1 + jx L 

If the number n of cavities is even, this equation becomes 
1 


Zi = jX s + 


z 


X\^ZX\ 1 
X\ + ZXI 


( 147 ) 


X\X\ + ' 


• + 


1 

ZX \X\ • • • Xl_ 2 , 

XIXI • • • Xl_, + 
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+ ZX\X l • • • xi 


x\x\ 


■X* T , . Y , x\x\ ••• XI 

(1 +3 x *‘) x *x l ■ • • Xln 


If n is odd, the last terms of this equation become 


1 

' zx\x\ • • • XU , i 

X\X\ • • • Xl_i ^ ZX\X\ • • • Xl_ 

x\x\ • . • x\ 


(1 +jX L ) 


(148) 


X\X\ 


XI 


x\x\ • 


Consider now the prototype low-pass ladder structure shown in Fig. 
10-496; its cutoff frequency is 1 radian/sec. The input impedance Z\ of 
this filter terminated in a resistance R can also be expressed in the form of 
a continuous fraction. To avoid confusion with the o> used in connection 
with the bandpass filter, let a' represent the frequency. For the imped¬ 
ance Z[ 




1 

joi'Cl + 


(149) 


jo}'Li2 + 


&Ct + 


• + 


1 


jc/Cn-! + 


1 


ja'Lf, + R 


If the last element of the ladder of Fig. 10-496 were a condenser, that is, if 
the total number n of elements were odd, the last terms of Eq. (149) would 
become 

I 1 j 

+ + - - - T (150) 


It has been shown in Sec. 9-8 that a prototype low-pass filter with a 
1-radian/sec cutoff frequency can always be transformed into a bandpass 
filter by means of the change of variable 

(151) 

W \C «>0 W / 

where w 0 is the mean frequency of the bandpass filter and w is its band¬ 
width. If this change of variable is introduced in Eqs. (149) and (150), 
the reactances and susceptances appearing in the continuous fraction 
expansion of Z[ are transformed as follows: 
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(163) 

where k is any positive integer. With reference to Eq. (145), these 
reactances and susceptances can be identified with those appearing in the 
continuous-fraction expansion for the input impedance of the chain of 
cavities. This identification yields the relations 


_ j X\Xl • • • 
w * X\X\ • • • X 2 k 

c ik+l _ x\x\ • • • x\ k 

w ^ X\X\ • • • X\ k+ i 


(154) 

(155) 


These two equations yield the following expressions for the coupling 
reactances: 


XL = 


XL 


XI = 

u 

LzkCzk—i 

L > 

LmCm+i 


L 

Cl w 

w 2 = X\ 
w* = XI 


C\ 

LmCzic-i 

Ci 

LwCzk+i 


(156) 

(157) 

(158) 


If for the moment the reactance Xl is neglected, the output-coup ling 
reactance X B _i is given by 


■X£+i = -jj-w = X\~R for n even 

XI+! — w — X\ ^ ^ for n odd. 

The reactances Xs and Xl of Fig. 10-49a do not correspond to any 
elements of the prototype structure of Fig. 10*496. They may be con¬ 
sidered as stray reactances whose presence, however, is unavoidable. 
It will be seen, on the ot her hand, that since X s and X L are of the order 
of magnitude of \Zw/u 0 , they are very small in the case of narrow-band 
filters. 

The determination of the effects of these stray reactances on the 
characteristics of the filter presents the same problem as the determina¬ 
tion of the effects of mismatched terminations, which has been discussed 
in Sec. 9*27. It is found that because of the presence of X s and X L , the 
VSWR in the input line is multiplied or divided by a factor equal, at 
most, to the product of the VSWR’s produced by the two stray react¬ 
ances if they were placed separately in a properly terminated line. If 
both X s and Xl are small compared with unity, the mavimnm value of 
this factor is equal, approximately, to 1 + X s + X L . It follows that 
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the resulting distortion of the insertion-loss curve is usually negligible in 
the attenuation band. In the pass band, on the other hand, the increase 
of VSWR may not be tolerable. The reflections arising from X 8 and X L , 
however, can usually be eliminated over a sufficiently broad band by 
inserting equal and opposite reflections in the manner discussed in Sec. 
215. 

The method of design described above applies to any filter of the type 
shown in Fig. 10-49. The values of the lumped elements in the prototype 
structure can be determined by following any one of the design procedures 
discussed in Chap. 9. The fact that the first element of the network of 
Fig. 10-496 is a shunt capacitance does not limit the generality of the 
method of design; any similar filter whose first element is a series induct¬ 
ance c«-n be transformed into its dual whose first element is then a shunt 



(b) 


Fig. 10-60.—of direct-coupled resonant cavities and equivalent circuit. 

capacitance, as explained in Sec. 9-7. The power-transmission character¬ 
istics are not changed by such a transformation because dual networks 
have the same insertion loss. 

The main limit ation on the low-pass characteristics that can be 
obtained with a structure of the type shown in Fig. 10*496 is that no peak 
of infinite attenuation can exist at finite frequencies. Such a limitation, 
of course, applies also to the characteristics of the corresponding micro- 
wave filter but only in the frequency band in which the cavities can be 
considered as ample resonant circuits. It is likely that a similar method 
can be found for designing direct-coupled cavity filters with infinite 
peaks of attenuation near the pass band. However, no filter of this type 
has ever been designed. 

A chain of direct-coupled cavities can be built by properly spacing 
inductive irises in a section of rectangular waveguide, as shown schematic¬ 
ally in Fig. 10*50o. The values of the normalized susceptances &i, 6*, 
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• • • i b n , b„+i can be computed from Eqs. (156) to (159) inclusive with 
the help of Eqs. (106), (107), (141) and (142). If o) 0 /w is larger than 100, 
to a good approximation 




IM = 



for n even 
for n odd. 


(160) 

(161) 

(162) 

(163) 


The lengths of the cavities are computed by means of Eq. (140). In 
practice, however, the irises are uniformly spaced and the cavities thus 



ib) 


formed are tuned separately to 
the frequency co 0 by means of 
capacitive screws. An equivalent 
circuit for this chain of cavities is 
shown in Fig. 10-506. This circuit 
is obtained from Fig. 10-49a by 
transforming the coupled coils 
into T-networks of inductances. 
This transformation places in evi¬ 
dence the fact, already clear from 
the above discussion, that the 
reactances of the irises are just the 
coupling reactances shown in Fig. 
10-49 g. 



(c) 


Fig. 10-51.—Two direct-coupled cavities, 
their equivalent circuit and the corresponding 
prototype structure. 

rect-coupled Cavities.—The simples 


The design procedure discussed 
above is not limited, of course, to 
rectangular cavities. However, 
when other types of cavities are 
used, the dimensions of the cou¬ 
pling irises must be determined 
experimentally since no design 
equations are available. 

10*9. Filters Employing Di- 
type of cavity filter consists, of 


course, of two direct-coupled cavities. The equivalent circuit shown in 


Fig. 10-51o is of the familiar double-tuned type. By varying the cou- 
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pling between the resonant loops in this circuit, the well-known trans¬ 
mission curves plotted in Fig. 10-52 may be obtained. 

The two-cavity filter may be derived from the prototype structure 
shown in Fig. 10-516. If 

L x = C 2 = R = 1, 

this structure becomes identical to the 
constant-A; half section discussed in 
Sec. 9-10. The power ratio for this 
half section was found to be 

|i = l+<A (164) 

The condition L\ — C 2 = R = 1 cor¬ 
responds, then, to critical coupling. 

If rectangular cavities are used, the 
irises can be designed theoretically, as explained above. With reference 
to Fig. 10-51c from Eqs. (160) and (151), 






Critical 
/ coupling 



JVf 


' JL 



nf 


^coupling 
^-Under- 
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'J 




Frequency 

Fig. 10-52.—Effect of coupling on 
transmission through double-tuned cir¬ 
cuits. 




N = bl 


(165) 

(166) 


A filter of this type has been designed and built by Fox. The dimensions 
of the filter are given in Fig. 10-53 for a mean frequency equal to 3000 



Fig. 10-53.—A ban dp as* filter consisting of two rectangular cavities, direct-coupled. 
(After Fox.) 


Mc/sec and a bandwidth equal, approximately, to 1 per cent. Apart 
from a midband loss (due to dissipation) of 0.6 db, the general behavior 
of the filter follows the theoretical curve so closely that no useful purpose 
is served by reproducing the experimental curve. 
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A different example of critical cavity coupling is afforded by the design 
of Cork and Clark 12 illustrated in Fig. 10-54. This filter is an engineered 
version of two reentrant cavities with iris couplings and coaxial terminals. 
In order to obtain a ratio co 0 /w between 85 and 105, it was found neces¬ 
sary to open the input iris until it extended the full height of the cavity. 
Likewise, to obtain critical coupling, the coupling iris also had to be 
extended the full height of the cavity. The consequent shape with 
reentrant cylindrical cavities was so grotesque that the rectangular 
shape shown in the final design was adapted to facilitate manufacture. 
Figure 10-55 shows the rough form of the filter for both cylindrical and 
rectangular shapes and illustrates the development. For practical 
reasons, it was also found desirable to bend the inner conductor of the 


_ input and output lines through 

^-I 90°. These couplings thus appear 

more like loops than irises in the 

i This filter was designed to 

\ I! T^^ffml k ave a resonant frequency adjust- 

'l I | 1 I able from 950 to 1150 Mc/sec with 

^y| ' \ ! 'I a constant bandwidth over the 

-UK. _ pTf Svl range of adjustment. In order 

II 'll to accomplish this, it was neces- 

I \ .I sary to provide a mechanism for 
i| g an ged tuning the cavities. Of 

*li r _the various possibilities, metal- 

>! [ slug tuning was selected because 

Fig. 10-54.—Tunable bandpass filter con- of its freedom from sli ding metal 
“ v - ““tact. and because of the lin- 
earity of tuning with displacement 
of the slugs, which is illustrated in Fig. 10-56. A dielectric bridge serves to 
couple the tuning slugs and permits ganged tuning. The introduction of 
the slugs increases the dissipation in the cavities, but the extra loss is 


not excessive when the cavities are loaded sufficiently and may be mini¬ 
mized by proper design of the slugs. In order to adjust the cavities to 
the same resonance frequency initially, trimmer screws are provided. 

As the cavities are tuned over the band from 950 to 1150 Mc/sec, 
it is found that the condition of critical coupling is not maintained. The 


cavities appear overcoupled at the high-frequency end and undercoupled 
at the low-frequency end. In order to compensate for this variation, 
the metal diaphragm was introduced. The resulting pass bands at the 
middle and at the edges of the tuning range are shown in Fig. 10-57. 

The empirical design of such a filter by “bench” testing is an under¬ 
taking of no mean proportions. Many of the distances are very critical. 
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For instance, it is evident from the plot of the input loaded Q of either 
cavity (Qli) against the separation of the input line and the cavity cen¬ 
ter line shown in Fig. 10-58 that a 
change in this distance of only 
0.04 cm produces a change in 
Qli of about 10. The distance 
between cavity center lines 
is almost as critical. Thus, a 
change of 0.1 cm between cavity 
center lines alters the bandwidth 
by approximately 10 per cent. 

Other distances are much less criti¬ 
cal. For instance, there is very 
little dependence of loaded Q on 
the length of the input and out¬ 
put irises. However, as in all coupled resonant circuits, the tuning of the 


S 2.0 
1 
8 

11.0 
i 

Ui 




1- 

2.33 1 

— 




-J, 

« I 







950 1050 1150 

Frequency in Mc/sec 

Fig. 10-56.—Resonant frequency of re¬ 
entrant cavity shown in Fig. 10-54 as a func¬ 
tion of slug position. 
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Frequency in Mc/sec 

Fig. 10-67.—Bandpass characteristics of filter shown in Fig. 10-64 for various values 
of the mean frequency. 


cavities is critical. For instance, if the trimmer screw is advanced by 
0.011 in. in one cavity, the center of the filter pass band is shifted by 



5 Mc/sec. 

In addition to the difficulties 
of manufacture imposed by close 
tolerances, other production prob¬ 
lems are created by assembly re¬ 
quirements. Thus, it was decided 
to make the dielectric bridge from 
steatite, whose distortion temper¬ 
ature exceeds 1000°C, so that 
silver solder might be used in the 
final assembly. However, steatite 
is very hard and results in consid¬ 
erable wear on the cavity center 
conductor unless it is chromium- 
plated. Fortunately, in this case, 
the chromium does not introduce 
an excessive amount of loss since 
the pass band is relatively broad. 

In actual practice, this filter is 
used as a duplexer by substituting 
a TR tube for one of the trimmer 
screws. The transmitter power 
and the local oscillator signal are 
applied to opposite ends of the 
filter through additional irises 
which are omitted from the draw¬ 


ing in the interests of simplicity. The two coaxial terminals are connected 
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to the antenna and mixer, respectively. Consequently, the desirable filter 
feature is high image rejection. Table 10*2 gives the attenuations 
observed for image frequencies 120 Mc/sec away from various signal fre¬ 
quencies in the tuning range. This filter has been described in somewhat 
greater detail than some of the others because it is one of the few filters 
that to date have been engineered for quantity production. 

Table 10-2.— Image Rejection of Direct-coupled Filter 


Signal frequency, 
Mc/sec 

Image frequency, 
Mc/sec 

Insertion loss, 
db 

950 

830 



1070 

48 

1050 

930 

39 


1170 

52 

1150 

1030 

38 


1270 

> 50 


The two filters described above are adjusted for critical coupling. 
This adjustment, however, does not yield maximum bandwidth for given 
loss tolerances in the pass band and given sharpness of cutoff. The 
optimum' design for frequency discrimination corresponds to over¬ 
coupling. The amount of overcoupling required depends on the toler¬ 
ance allowed in the pass band. This question can best be investigated 
by studying the behavior of the power-loss ratio for the prototype low- 
pass structure of Fig. 10-516 for arbitrary values of R and C\. The value 
of Z /2 cannot be specified independently if the cavity filter must be sym¬ 
metrical. In fact, Eq. (159) yields for X\ = X 2 +1 , 

U = RCl (167) 

When RCi is substituted for L 2 in the expression for the power ratio. 


Po _ i , (1 — R) z [ C\R 
P L A_t_ 4 R U-fl 


■I- 


(168) 


This equation can be identified with Eq. (198) of Sec. 9-18 in which the 
Tchebysheff polynomial is 7 1 2 (w). Since the coefficient of &> 2 must be 
equal to 2, the following relation must be satisfied by R and C 2 , 


C\ 


. 2(1 - R) 
R 


The tolerance of the power ratio in the pass band is then 
e 2 = h 2 » 


(1 ~ A) 2 

4 R ‘ 


(169) 


( 170 ) 
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Eqs. (167), (169), and (170) thus permit the design of a low-pass filter 
having a cutoff frequency equal to one radian/sec and a specified tolerance 
of e 2 . The cutoff frequency is defined, in this case, as the maximum 
frequency at which the power ratio is within the specified tolerance. 
Since, as pointed out in Sec. 9T8, Tchebysheff polynomials yield maxi¬ 
mum sharpness of cutoff for a given tolerance and a given cutoff fre¬ 
quency, an optimum design has been obtained. 

For critical coupling, that is, for monotonic behavior of the ratio 
Po/Pl, R must be equal to 1. Equation (168) becomes then 

^ = 1 + 3 (171) 


The tolerance for unity cutoff frequency is 



(172) 


It follows that for the same bandpass tolerance and the same bandwidth, 
the off-band insertion loss for an overcoupled filter is 6 db larger than for 
a critically coupled filter. Once the values of the elements of the proto¬ 
type section are determined, the microwave filter can be designed by 
following the procedure discussed above. 

The actual insertion loss of a two-cavity filter will depart from the 
predicted behavior because of dissipation in the cavities. The effect 
of dissipation is a distortion of the characteristics as well as a finite loss 
over the whole pass band. Nothing can be done, of course, about the 
loss. However, it can be shown that it is possible to correct approxi¬ 
mately for distortion of the characteristics by substituting for C\, L 2 , R 
the values C[, L' 2 , R' defined by 

C 'I - (1 ^’ 1 tCi) L[ = Li(l + 6C0 It’ = I£(l + SC,) 1 . (173) 

The loss factor S depends on the unloaded Q 0 of the two cavities and on 
the ratio w 0 /w as follows: 



If these corrections are made, the actual power ratio will be equal to the 
theoretical power ratio in the absence of dissipation multiplied by the 
factor (1 + 5Ci) 2 . In other words, the final effect of dissipation will be 
a constant loss La given by the expression 
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The design of direct-coupled cavity filters is straightforward. There 
are, however, several practical considerations that limit the usefulness of 
such filters. First of all, the tolerances on the dimensions of the coupling 
irises set a practical limit to the ratio a> 0 /w. For instance, in rectangular 
cavities the susceptance of each coupling iris is about (1/tt)(o) 0 /w). It 
follows from Eq. (129) that in the case of a 1- by i-in. rectangular wave¬ 
guide for wo /w = 300, a change of 0.005 in. in the opening of the iris would 
correspond approximately to a 10 per cent change of bandwidth. It is 
evident that such a tolerance in the dimensions of the irises would result 
in a considerable distortion of the characteristics of the filter. 

A second practical difficulty arises from the fact that the individual 
cavities cannot be separately tested and adjusted before assembly. The 
lineup procedure after assembly becomes very complex if more than two 
or three cavities are used. These difficulties may be overcome through 
careful construction, but the manufacturing cost will be correspondingly 
high. A method of designing cavity filters that circumvents most of the 
limitations noted above is discussed in Sec. 10*11. 

In the preceding sections, the direct coupling of modes in separate 
cavities has been considered. Before leaving the subject of direct cou¬ 
pling, it is worth while to consider the possibility of utilizing several modes 
in a single cavity. The next section is devoted to this topic. 

10*10. Cavities Excited in More Than One Mode. —The reader will 
recall that a cavity resonator is inherently a complex reactive network as 
the equivalent circuit of Fig. 10-38 indicates. Therefore, the possibility 
of approximating the behavior of a complex lumped-element filter by 
means of a single-cavity resonator may be considered. Such a method of 
design would result obviously in a considerable saving of space and weight. 
Although very little research has been done up to the present along this 
line, it seems worth while to indicate a method of attack that may lead to 
useful results. A type of cavity that, alone, behaves like a two-cavity 
filter will also be described. An experimental model of such a cavity has 
been built by the authors and the results of the test are reported below. 

According to Foster’s reactance theorem, any two-terminal-pair reac¬ 
tive network can be represented in the form shown in Fig. 10*38 with the 
possible addition of arbitrary reactances in series with the input terminals. 
It can be shown, however, that most practical filters, and, in particular, 
the ones that have the optimum Tchebysheff behavior discussed in Secs. 
9*18 and 9*19, do not require these additional series reactances. It fol¬ 
lows that if the resonance frequencies of a cavity and the coupling to the 
different modes are successfully adjusted to coincide with the corre¬ 
sponding quantities for a lumped-element filter, the behavior of the filter 
will be approximated by the cavity over a limited frequency band. 

As an illustration of this statement, consider the equivalent circuit of 
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the two-cavity filter shown in Fig. 10-59a. This circuit can be trans¬ 
formed into either one of the normal forms shown in Figs. 10-596 and 
10-59c. The two normal frequencies «i and « 2 can be expressed in terms 
of wo and the coupling coefficient k — M/L, as follows: 


1 -f- k 


‘ 1 - k 


(176) 


Note that one of the mutual inductances of Fig. 10-596 is negative. This 
negative mutual inductance corresponds to the ideal transformer (Fig. 



Fig. 10*59.—Three equivalent forms of a double-tuned filter. 

10-59c) which produces a 180° phase shift. If the ideal transformer were 
missing, the insertion loss of the filter would be infinite for co = co 0 because 
the reactance of the shunt arm of the T would vanish at that frequency. 

Consider now a cavity consisting of a section of square guide closed 
at both ends. Such a cavity has two independent modes of resonance 
at the frequency for which the length of the cavity equals one-half the 
guide wavelength for the TFio-mode. The lines of electric field and mag- 
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netic field for these two modes are shown in Figs. 10-60a and 10-606. 
The resonance frequency of one mode can be changed with respect to the 
frequency of the other mode by deforming the square into a rectangle or, 
more simply, by inserting a capacitive screw as shown in Fig. l0-60c. 
Thus the resonance frequencies of the two modes can be adjusted to 
coincide with «i and to 2 in Fig. 10-59. The two modes are then equally 
coupled to the input and output coaxial lines by means of loops lying in 
the diagonal planes of the guide at 90° with respect to each other. Such 


an arrangement provides equal 
couplings for the two modes, to¬ 
gether with the 180° phase shift 
required by the network of Fig. 
10-596. In fact, the magnetic 
fluxes of the two modes linking 
the loop shown in Fig. l0-60d are 
equal in both magnitude and phase 
for one orientation of the loop, but 
they are opposite in phase for the 
other orientation as shown in Fig. 
10-60e. The self-inductances of 
the loops are represented by the 
two inductances L 0 in Fig. 10-596. 
In conclusion, if the presence of 
other modes ot resonance is neg¬ 
lected, the cavity is equivalent to 
the network of Fig. 10-596 and, 




M) («) (/) 



Fig. 10-60.—Illustration of the operation 
of a rectangular cavity behaving as a double- 
tuned filter. 


therefore, to the network of Fig. 10-59o. 


The equivalence of the cavity to the original network of Fig. 10-59a 
can be seen more directly in the following manner. The independent 
modes of oscillation of the cavity, before the introduction of the screw, 
can be chosen in an infinite number of ways as arbitrary linear combina¬ 
tions of the particular modes shown in Figs. 10-60a and 10-606. For 
instance, modes that may be considered as independent are those having 
the field configurations shown in Figs. 10-60/ and 10-600. The mode of 
Fig. 10-60/ is coupled to the loop shown in Fig. 10-60d but not to the loop 
shown in Fig. 10-60e. Vice versa, the mode of Fig. 10-600 is coupled to 
the loop of Fig. l0-60e and not to the loop of Fig. 10-60d. It follows that 


no transmission can take place if the loops are normal to each other. 
However, if the two modes are coupled to each other inside the cavity 
by any convenient device, the cavity becomes equivalent to the network 


of Fig. 10-59 a and power will be transmitted from one loop to the other. 
The screw shown in Fig. l0-60c, for instance, can be used to couple the 
two modes so that the two methods of design lead to the same result. It 
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is evident from this discussion and from Eq. (176) that the coupling coeffi¬ 
cient k depends on the length of the screw. It follows that by adjusting 
the screw transmission, curves of the types shown in Fig. 10-52 may be 



Fig. 10-61.—Illustration of the operation 
of a cylindrical cavity behaving as a double- 
tuned filter. 


obtained. In this process, how¬ 
ever, the length of the cavity must 
be readjusted if the mean fre¬ 
quency w 0 is to be kept constant. 
Loop coupling is not essential to 
the design. Iris coupling can also 
be used as shown in Figs. 10-606, 
and 10-60t. 

A cavity of the same type can 
be designed using a section of cir¬ 
cular waveguide. The configura¬ 
tions of the two independent 
modes for this case are shown in 
Figs. 10-61o and 10-616. The in¬ 
put and output waveguides are 
coupled through the cylindrical 
surface although the end plates 
could be used just as well for this 
purpose. The operation of this 


cavity is very similar to the operation of the cavity discussed above, as 
indicated schematically in Fig. 10-61. An experimental model of a cavity 
of this type is shown in Fig. 10-62. Figure 10-63 is a plot of the insertion 
loss as a function of frequency for such a filter. It will be observed that 


the stray direct coupling between the irises, 
which has been neglected in the above 
analysis, limits the ultimate off-band inser¬ 
tion loss that is obtainable to 35 to 40 db. 
This effect becomes progressively more 
important as the bandwidth of the filter is 
increased by opening the iris holes. One 
would expect the direct coupling to be 
smaller for the same bandwidth when the 
input and output guides are connected to 
the end plates. This fact, however, has not 
been checked experimentally. The adjust¬ 
ment of the bandwidth and of the coupling 
screw must be done experimentally but 



apparatus described below make such adjustments relatively simple. 


In actual practice, it has been found desirable to provide two 


additional tuning screws symmetrically inserted into the cavity along 
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radii at 45° to the coupling screw to permit the tuning of both modes to 
the same desired frequency. This procedure is necessary, in general, 
unless the cavity has perfect symmetry about the plane of the coupling 
screw, a condition impossible to 
achieve in practice. 

It is possible to couple two such 
cavities with a quarter wavelength 
of transmission line, as explained in .g 
the next section, and obtain charac- .e 
teristics equivalent to those for four § 
quarter-wavelength-coupled cavities § 
with single resonances. The advan- |j 
tage of this type of filter from the - 
standpoint of weight and space is 
obvious. 

In principle, a cavity that has 
three independent modes of oscilla¬ 
tion successively excited may be 
designed. However, to date this has 1 
not been accomplished, according to 
the best information of the authors. 



3.370 3.430 

X 0 in cm 

-Insertion loss of filter shown 
in Fig. 10-62. 


It should be remarked that in 
extending the principle of multiresonance, spurious modes excited at 
frequencies near the pass band must be avoided. 


FILTERS EMPLOYING QUARTER-WAVELENGTH COUPLINGS 
The difficulties of manufacturing and adjusting filters employing 
direct-coupled cavities become increasingly serious as the pass band 
becomes narrower. However, a method of cavity coupling which circum¬ 
vents these difficulties has been developed and will be described below. 
This method is by no means limited to narrow-band applications but may 
be used advantageously in certain broadband designs. 

10*11. Theory of Quarter-wavelength Coupling.—The method of 
coupling discussed in this section is based on the impedance-transfor ming 
properties of quarter-wavelength lines. In order to understand this 
transformation property, consider a quarter-wavelength line terminated 
in a normalized impedance Z. The normalized input impedance of such 
a line is 


Z f 


Z + j tan | 1 

1 + jZ tan ^ 


(177) 


It follows that the circuit of Fig. 10.64a is equivalent to the circuit of Fig. 
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10-646 if the normalized impedance Z ' is equal numerically to the normal¬ 
ized admittance Y and if both lines in Fig. 10-64a are one-quarter of a 
wavelength long. In fact, the two networks have the same open-circuit 
and short-circuit impedances. 

Consider now the ladder structure of Fig. 10-65a. This structure can 
be transformed as shown in Fig. 10-656 where Y 2 , Y 4 , Fe, etc. are equal, 

respectively, to Z 2 , Z 4 , Z$, etc. 
The two networks are exactly 
equivalent at the frequency for 
which the coupling lines are one- 
quarter wavelength long. All the 
sections of line must, of course, 
have unity characteristic imped¬ 
ance, that is, the admittances 
and impedances of the elements 
However, if the frequency band of interest is small 


>Y-Z' 


(a) lb) 

Fig. 10-64.—Illustration of the impedance- 
transforming properties of X„/4 lines. 


must be normalized, 
compared with the mean frequency, as in the case of narrow-band filters, 
the frequency dependence of the electrical length of the lines may be 
neglected to a first approximation. 

Let Y lf Yz, Y6, . . - of Fig. 10-65abe the normalized admittances of 
parallel-tuned circuits resonating at the frequency w 0 , and Z 2 , Z' 4} Z' 6 be 
the normalized impedances of series- 
tuned circuits also resonating at the 
frequency co 0 . A filter of this type, 
shown in Fig. 10-66a, can be derived 
from the prototype low-pass struc¬ 
ture of Fig. 10-496 by following the 
procedure described in Sec. 9-8. 

The corresponding filter employing 
X s /4 couplings is shown in Fig. 

10-666. The Q’s of the parallel- 
tuned circuits, when loaded on both 
sides by the characteristic imped¬ 
ances of the adjacent lines, are 
given by 



(Qx)2*+i = g Cm+i - 


(178) 


—I- 

(b) 

Fig. 10-65.—Equivalent ladder BtructureB, 


where w is the bandwidth between the two frequencies corresponding to 
the point ou = 1 in the frequency response of the prototype structure. 

Since a symmetrically loaded transmission cavity has been found to 
be approximately equivalent to a shunt-tuned circuit, whose loaded Q 
is given by Eq. (178), a simple microwave realization of the structure of 
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Fig. 10-666 is obtained in the form of a chain of cavities coupled by quarter- 
wavelength lines. The only difficulty may arise from the fact that the 
terminating resistance R is not in general equal to the characteristic 



(a) 



\*- ^ - 4 *- x f - 4 - A f - 4 - ^ -4 k- A f -A+— X f- 
( 6 ) 

Fig. 10-66.—A bandpass filter and its A c /4-coupled equivalent. 


impedance of the output line, that is, R ^ 1. In this case, the last ele¬ 
ment of the network is transformed as shown in Fig. 10-67. Because of 
the transforming property of the quarter-wavelength line, a conductance 


G' = R can be substituted, as 
shown in Fig. 10-676, for the last 
section of line of Fig. 10-67a ter¬ 
minated by the resistance R. The 
conductance G' is then transformed 
into a properly terminated line of 
unity characteristic impedance 
preceded by an ideal transformer 
of ratio 1 to \/R, as shown in Fig. 
10-67c. The last tuned circuit 
together with the ideal transformer 
is then identified with an asym¬ 
metrically loaded cavity, as shown 
in Fig. 10-396, for Z 0l = Z 0 2 = 1 
and a = y/R. The input and 
output loaded Q’s of the cavity are 




Fig. 10-67.—Change of impedance level 
at the output terminals of the structure 
shown in Fig. 10-666. 

then, respectively, 


(^l)n=^) 

«k 2 )n = —• ) 


( 179 ) 
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The Q of the cavity loaded on both sides then becomes 

«w* “ r-Ffilr < 180 > 

If the last element of the structure of Fig. 10-496 is a shunt-tuned cir¬ 
cuit, the last quarter-wavelength section of line will be missing from the 
structure of Fig. 10-666. In this case 


(Ql 2 ) n = RC n 


W 0 

w’ 


m* = 


RC wo 
1 + R w 


(181) 


Changes of impedance level similar to the one just described can be per¬ 
formed at other points in the structure. 

The method of design based on the use of quarter-wavelength cou¬ 
plings is not limited to cavity filters. For instance, resonant irises can be 
used to approximate the behavior of the parallel-tuned circuits in Fig. 
10-666. However, since resonant irises have relatively low Qo’s, they 
are not used in connection with narrow-band filters. On the other hand, 
in the case of bandwidths of a few per cent, the use of resonant irises 
instead of cavities results in a considerable saving of space and weight. 
Some examples of filters employing resonant irises will be described later. 
The design procedure for such filters is the same as for cavity filters. It 
must be pointed out, however, that only structures for which the termi¬ 
nating resistance R is equal to unity can be physically realized by means 
of resonant irises. In fact, no change of impedance level can be per¬ 
formed in this case since resonant irises are inherently symmetrical. 

The advantages of quarter-wavelength coupling over direct coupling 
are evident from the above discussion. In the first place, the tolerances 
on the dimensions of the cavity couplings are considerably relieved. 
For instance, in the case of rectangular cavities that are quarter-wave¬ 
length-coupled by rectangular guides of the same dimensions as the 
cavities, the irises have susceptances approximately equal to 

fe)* 

that is, to the square root of the value required if the cavities were 
directly coupled. In the second place, the quarter-wavelength lines 
provide a simple way of mechanically connecting the individual cavities. 
Since these coupling lines are not resonant, an electrical connection made 
at any point in the line will not interfere with the filter operation, pro¬ 
vided this connection satisfies reasonable specifications on voltage 
standing-wave ratio and loss. The connection should also be sufficiently 
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far from the cavity couplings to prevent interference with their operation. 
Each cavity can then be built, adjusted, and tested as a separate unit, 
so that only minor readjustments are necessary when the cavities are 
assembled into a filter. The advantages of this adjustment and test 
procedure for quantity production are obvious. 

The construction problems can be further simplified by making all 
the cavities identical. Such a design is not optimum in the sense that 
better filter characteristics could be obtained with the same number of 
cavities, but very often the resulting simplicity of construction is worth 
the loss of performance. The power-loss ratio of a filter consisting of n 
identical cavities (or resonant irises) can be computed by means of Eqs. 
(141) and (143) of Sec. 9-12. In fact, the structure of Fig. 10-66 can be 
considered as a cascade combination of n identical sections when all the 
tuned circuits are equal and the terminating resistance is equal to one. 
Each of these sections consists of a quarter-wavelength line of character¬ 
istic impedance equal to one, shunted at its midpoint by a tuned circuit. 
Let the normalized susceptance of the tuned circuit be 

B — 2x (182) 

where 

* - Ql (- - -) « 2 Q l ^ (183) 

\Wo W / O>0 

is a frequency variable normalized with respect to the resonance frequency 
wo and the loaded Q. In terms of this variable, the power-loss ratio for 
one section is 

pr = 1 + * 2 , (184) 

and the propagation function is 

To = cosh- 1 (-a;). (185) 

It follows that the power-loss ratio for n sections is given by 

(p7.)« - 1 ~ l+zHJ ° ( ~ x) - 1 +* , °M*>- < 186 > 

The function U n (x) is the Tchebysheff polynomial of the second kind 
and of the order n. The polynomials corresponding to n = 1, 2, 3, 4 
are given below. 


Th(x) = 1 
U 2 (x) = 2x 
Uz{x) = 4a; 2 — 1 
lh{x) = 8a; 3 — 4a;. 


(187) 
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The recurrence formula for these polynomials is 

U n+1 = 2xU n - C7n-1. (188) 

Note that the validity of Eq. (186) is not limited to the case in which the 
shunt branches are tuned circuits. In this circuit B can be any sus- 
eeptance, provided, of course, that the proper expression for x is used. 



Fig. 10-68.—Power-transmission curve for n quarter-wavelength—coupled resonant 
elements. 

Plots of the percentage transmission, that is, of (Pz,/Po)«, are shown 
in Fig. 10-68 for n = 1, 2, 3, 4. These curves show that the bandpass 
tolerance increases with n; consequently, values of n larger than 4 are 
seldom used. For large values of x , the off-band insertion loss becomes 
approximately 


L n « 6(w - 1) + 20n log 10 x. 


(189) 
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The application of these formulas to the design of practical filters will be 
discussed in the succeeding section. 

10*12. Filters Employing X„/4-coupled Cavities.—Because of the 
construction advantages mentioned above, X ff /4-coupled cavities are 
becoming increasingly popular. The applications are scattered through¬ 
out the frequency range from 200 to 10,000 Mc/sec, using both waveguide 
and coaxial couplings. Typical examples will be described, one of them 
in detail. The actual behavior of these filters deviates so little from the 
predicted behavior that it does not appear worth while to give complete 
experimental data in all cases. 

The filter that will be discussed most completely consists of a number 
of reentrant cylindrical cavities of the type illustrated in Fig. 10*47, 
separated by quarter-wavelength coaxial lines. The lines are loop- 
coupled to the cavities so that the effective locations of the input terminals 
of the cavities must be determined experimentally. Thi s determination 
can be performed, with the help of a standing-wave detector, by finding 
the position of the voltage zero in the input line when the cavity is detuned. 
Under these conditions the input terminals of the cavity are effectively 
short-circuited. It follows that their location must be an integral 
number of half wavelengths from the position of any voltage zero. This 
experimental determination may be done in such a way that the equiva¬ 
lent line length of whatever fittings are used to connect the cavity to the 
coaxial lines is included. The effective length of the coupling lines is 
often made equal to three or five quarter wavelengths to provide addi¬ 
tional mechanical spacing. These longer lines are, of course, more 
frequency-sensitive, but their frequency behavior can still be neglected 
in most practical cases. 

Because of incidental dissipation, perfect transmission is never 
obtained. The minimum insertion loss of n identical cavities quarter- 
wavelength-spaced is very nearly n times the minimum loss of one 
cavity. Dissipation tends also to smooth out the curve of the insertion 
loss in the pass band. For instance, the experimental curves for the 
insertion loss plotted in Fig. 10*69, which are in good agreement with the 
corresponding theoretical curves in the attenuation band, show no 
appreciable wiggles in the pass band. 

The fact that type N couplings may be used in practice to link the 
cavities to the transmission lines mechanically would indicate that the 
tolerance on the effective length of coupling lines is extremely liberal. 
This contention was experimentally substantiated by inserting a line 
stretcher between two cavities and observing the effect on the transmis¬ 
sion curve of the filter. The resulting characteristics observed for 
various line lengths in the case of a two-cavity filter are presented in 
Fig. 10*70. It will be noted that a variation of ±X«/20 in the length 
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of the coupling line is tolerable for most purposes. As the length of the 
coupling line approaches half wavelength, the transmission curve becomes 



shown in Fig. 10-47. 



respectively. 

lopsided and a double hump appears. These two humps separate more 
and more until finally, at exactly half-wavelength spacing, three sym¬ 
metrically arranged humps appear. It should be remarked that this 
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experiment justifies the assumption made above in neglecting the 
frequency behavior of the coupling lines for narrow-band filters. 

When the length of the coupling line is held fixed at a quarter wave¬ 
length, it is found, as one would expect, that the angular position of the 
coupling loop in the cavity is not critical. Transmission curves for 


various orientations of the loops are 
shown in Fig. 10-71. This method of 
varying the coupling provides a 
feasible method of adjusting the 
bandwidth over a limited range. 
Thus a rotation of the loops through 
45° from the position of maximum 
coupling should reduce the band¬ 
width by a factor of 2. Since the 
loaded Q is doubled in this process, 
an increased midband loss as actually 
observed is to be expected. Roughly 
speaking, the loaded Q of a cavity 
varies inversely as the square of the 
area of the coupling loop. Conse¬ 
quently, when the bandwidth is 
critical, the loop size must be held to 
The theory of quarter-wavelength- 
the cavities are tuned to the same 



Frequency 


Fig. 10*71.—Effect of loop orientation 
on transmission through two X B /4-coupled 
cavities. Curve a shows all loops oriented 
for maximum coupling; Curve b shows one 
loop of coupling line rotated off 30°; and 
Curve c shows all loops rotated off 45° 
and thus reducing loaded Q of each cavity 
by a factor of approximately 2. 

k close tolerance. 

-coupled cavities assumes that all 
frequency. This adjustment is 


perhaps the most critical in the construction of such a filter. Figure 


10-72 shows the effect of detuning one of the cavities in a two-cavity 



10.653 10.653 10.653 

A,= 10.653 Wavelength— A,= 10653 

,O, A 2 =10.671 11 A,=X 2 =10.653 W X 2 = 10.637 


Fig. 10*72.—Effect of detuning of transmission through two X,/4-coupled cavities. 


filter by an amount equal to the bandwidth of a cavity. As might be 
expected, the minimum loss is greatly increased and the center of the 
pass band is shifted. Of course, the higher the loaded Q, the more 
critical the adjustments are. Fortunately, the accurate adjustment of a 
cavity to a given frequency by means of a tuning screw is not a difficult 
procedure. 
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Before progressing to a discussion of other types of quarter-wave¬ 
length-coupled filters, it is interesting to investigate the characteristics 
that can be obtained if the tuning of the cavities is varied and the length 
of the coupling lines readjusted to optimum values. Unfortunately, no 
simple method of theoretical analysis is available to handle the general 
case. Figure 10-73, however, pre¬ 
sents an observed transmission 
curve which illustrates how the 
bandwidth may be expanded at 
some cost in minimum transmission 
loss. This curve is included mainly 
to satisfy the curiosity since, in 
general, more satisfactory transmis¬ 
sion curves can be achieved in 
other ways. 

Filters similar to those just 
described have been constructed at 
both 200 and 300 Mc/sec. At 
these frequencies, reentrant cavi- 



Frequency 


Fig. io-73.—Observed transmission ties using uniform center conductors 
!Jni. ,our x ' /4 -“ upted °* vit ‘ ee - ■*"*- become inordinately large. If the 
required loaded Q is not too high, 
it is customary to foreshorten the cavity by increasing the capacity 
between the reentrant line and the end wall of the cavity. In the 
extreme case, the cavity appears as in Fig. 10-74 and may be regarded 
as composed of an inductive line L and a lumped capacity C. Increas¬ 
ing the capacity decreases the length of line required to produce a certain 
resonant frequency since 


Even if the capacity is estimated 
from the electrostatic capacity of 
the parallel plate combination with¬ 
out regard for fringing and the 



& 


inductance is treated as the lumped 
equivalent of a short section of 


Fig. 10-74.—A reentrant cylindrical 
cavity foreshortened by the use of capac¬ 
ity loading and its equivalent circuit. 


concentric line, the frequency esti¬ 
mated by the familiar equation given above is accurate to 10 per cent. 

The sketch of Fig. 10-76 is scaled to dimensions suitable for a loaded Q 
of about 30 and a resonance frequency adjustable from 190 to 220 Mc/sec. 
The condenser plates are made unequal to increase the linearity of tuning 


with displacement and to increase the displacement required for a given 
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frequency change. Type X fittings are suitable for input and output con¬ 
nections to either coaxial line or cable. The center conductor of the 
coaxial line is usually run straight 
through the cavity and is connected to 
the cavity center conductor. Such 
coupling obviously constitutes a loop 
and thus the loaded Q may be changed 
by varying the distance h of the wire 
from the bottom of the cavity since Ql 
is roughly inversely proportional to h a . 

As in the previous case, the effective 
location of the input terminals of the 
cavity must be detemuned experimen¬ 
tally. ±n a typical application of these 
cavities, the distance for effective 
quarter-wavelength coupling between 
successive cavity center lines is only 
in., only slightly larger than the diam¬ 
eter of the cavities used, namely, 4^ in. 

The introduction of lumped capaci¬ 
ties in the cavity considerably decreases 
the unloaded Q because of the increased 
surface area. However, for a loaded Q of 30, the minimum transmission 
loss for the cavity just described is only 0.2 db. The tandem arrange¬ 
ment of three cavities of this type is not unusual. A similar cavity used 



Flo, 10-75.—A practical structure 
for a capacity-loaded cavity with loop 
coupling. 



Fig. 10-76.—Production model of capacity-loaded cavity used at 300 Mc/bbc. 























688 THE DESIGN OF MICROWAVE FILTERS [Sec. 1013 

at 300 Mc/sec has been produced on a fairly large scale in the form shown 
in Fig. 10-76. 

A practical procedure for the design of high-Q, quarter-wavelength- 
coupled filters in waveguide is illustrated in Fig. 10-77. Each cavity of 
the type shown in Fig. 10-44 has a section of waveguide, one-eighth of a 
guide wavelength long at the resonance frequency, extending past each 
iris. Choke and flange connectors are alternately attached to the ends. 
Thus, when several cavities are connected in cascade, the cavities are 
effectively spaced by quarter wavelengths. As pointed out above, the 
choke and flange electrical connection does not disturb the operation of 
the filter. 

Such filters have been extensively investigated. Line stretchers have 
been inserted between cavities and the effect of the connecting line length 
observed. The results differ in no way from those presented above for 
the case of reentrant cavities. As many as four cavities with a loaded 

Q of 130 and a resonance wave¬ 
length of 3.3 cm have been suc¬ 
cessfully coupled. The observed 
characteristics in no case differ 
from the expected behavior by 
more than an amount accounted 
for by dissipation. The midband 
loss due to dissipation was about 
0.4 db per cavity for the particular 
type of cavities used. Since the 
detailed design of rectangular cavities with given loaded Q and « 0 has 
been considered in Sec. 10-7, no further discussion is required here. 

10*13. Filters Employing Quarter-wavelength-coupled Resonant 
Irises.—A discussion of practical quarter-wavelength-coupled filters 
would not be complete without a description of the special type employing 
resonant irises. In fact, this type of filter was built before quarter- 
wavelength-coupled cavities were contemplated. The use of resonant 
irises is indicated in all cases where the loaded Q is sufficiently low, 
about 40, and space is at a premium. The reasons for using resonant 
irises instead of cavities have been discussed in Sec. 10-7. 

One of the outstanding uses of this type of filter, 9 and 10, is in the 
construction of broadband TR tubes, illustrated in Fig. 10-78. These 
tubes have been designed and manufactured for operation at both 3000 
and 10,000 Mc/sec. Their properties are fully discussed in Vol. 14, 
Chap. 3, to which the reader should refer for a detailed discussion. 
However, for the sake of completeness it seems worth while to mention 
a few of their electrical features. The tubes generally contain four or 
five resonant irises. Two of these irises are ovoid windows which serve 



Fig. 10-77.—Practical form of filter composed 
of X„/4-coupled, waveguide cavities. 
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to seal the tubes; the others are of the dumbbell-slot variety. The 
loaded Q of all the elements is usually equal to about 4. Since the loaded 
Q is very low, its value is not critical. Moreover, the tolerance on the 



Fig. 10-78.—A broadband TR tube illustrating quarter-wavelength coupling of resonant 
irises. 


t uning is so large that fixed-tuned irises may be used and, therefore, no 
adjustment is required after assembly. A typical curve illustrating the 
input voltage standing-wave ratio 
for such a tube is shown in Fig. 

10-79. 

When a filter with a narrower 
band is desired, it is no longer 
feasible to use resonant irises of 
the dumbbell-slot type. In fact 
an iris with a loaded Q of 30 and 
a resonance frequency of 2880 
Mc/Bec for use in a 1^- by 3-in. 
waveguide has a capacitative gap 
of only 0.004 in. The required 
tolerances in Ql and w 0 are such 
that a tuning screw must be pro¬ 
vided. However, since the total 
range of the tuning screw must be 



10.0 


10.4 10.8 11.2 

Wavelength in cm 
Fig. 10-79.—VSWR characteristics of the 
TR tube shown in Fig. 10-78. 


less than 0.004 in., this adjustment is extremely critical. An iris suitable 
for narrow-band filters is the simple circular opening shown in Figs. 
10-80a and 10-801). This iris resonates when the periphery of the opening 
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band filters. 

The transmission characteristics 
about 0.5 db. 


is approximately equal to half a wave¬ 
length. The voltage standing-wave 
ratio for an iris of this type is plotted 
in Fig. 10-81. Such an iris may be 
machined to a very close tolerance 
and, moreover, may be tuned over a 
reasonable range with a capacitive 
screw. Since the capacitive screw is 
only a trimmer and carries a small 
fraction of the current at resonance, 
it does not introduce so much dissipa¬ 
tion as a tuning screw in a dumbbell- 
slot iris of the same loaded Q. Fur¬ 
thermore, the tuning rate of a screw 
in a circular iris is considerably slower 
than that of a screw in an iris of the 
dumbbell-slot type. For instance, 
the gap width in a circular iris corre¬ 
sponding to a 0.004-in. gap in the 
dumbbell slot is 0.075 in. A filter 
of this type 8 employing three reso¬ 
nant irises is shown in Fig. 10-82. 
plotted in Fig. 10-83 reveal a loss of 


Several remarks should be made concerning the construction of n-iris 


filters. In general, the losses are 
found to be appreciable in silver-plated 
brass irises unless the silver is bur¬ 
nished. In fact, plain brass has been 
found superior to unburnished silver 
plating. Some care must be exer¬ 
cised in soldering the tuning screws 
after final adjustment to ensure that 
such soldering does not itself alter 
the tuning adjustment. The actual 
lineup procedure for a multi-iris filter 
of this type will be discussed in Sec. 
10 - 22 . 

10*14. Refined Theory of Quarter- 
wavelength Coupling.—It is perhaps 
worth while to review the simplifying 
assumptions made in the previous 
analysis of quarter-wavelength-cou- 



Wavelength in cm 


Fig. 10-81.—VSWR characteristics 
of a typical resonant iris of the type 
shown in Fig. 10-80. 
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Fio. 10-82.—Narrow-band filter employing X„/4-coupled resonant irises. 

pled filters. The first assumption concerns the frequency sensitivity of 
the coupling sections. No theoreti¬ 
cal investigation has yet been made 
of the distortion caused by this fre¬ 
quency dependence in the general 
case of unequal cavities or resonant 
irises. However, in the case of 
identical elements, it is possible to 
develop a simple expression for the 
power-loss ratio which takes into 
account the frequency dependence 
of the electrical length of the lines. 

Let 0(«) be the angular length of 
a coupling section. At the mean 
frequency wo this angular length is, 
by definition, equal to ir/2. Pro¬ 
ceeding as in the case of constant 
angular length, for the propagation 
function of one section, if the char¬ 
acteristic impedance of the lines is 
unity, 

= cosh -1 (cos 8 — ^ sin 8 j 

'( 191 ) 
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Fig. 10-83.—Characteristics of filter shown 
in Fig. 10-82. 
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where B is the susceptance of the resonant elements. The power-loss 
ratio for one section is still given by Eq. (184), 

Po 

Pl ' 




(192) 


The power-loss ratio for n sections is, therefore, 


where 


(ft).' 


1 + 


B 2 sin 2 [n cos -1 {y)\ 

4 sin 2 [cos -1 (?/)] 

B . 

y — sin 6 — cos e. 


B 2 , 


= l + T UXv) 


(193) 


(194) 


U n (y) is the Tchebysheff polynomial of the second kind appearing in 
Eq. (186). 

In order to compute the power-loss ratio, both B and 6 must be 
expressed as functions of the frequency co, as follows: 


B = 2 Q> 


2 o)o 


( 03 CJ 0 \ 

0)0 to J 

FM. 

I-& 


(195) 

(196) 


I 0.4 
Si 


Ql is the loaded Q of the resonant element and to c is the cutoff frequency 
of the guide used as coupling line. Note that to c = 0 when a coaxial 
, „ line is used. 

Curve A in Fig. 10-84 is a plot 
of the insertion loss obtained from 
Eq. (193) for a filter consisting of 
three resonant irises with Ql = 4, 
quarter-wavelength-spaced in a 
1- by £-in. rectangular guide. 
Curve B, on the other hand, is a 
plot of the insertion loss as ob¬ 
tained from Eq. (186) which neg¬ 
lects the frequency dependence of 
the sections of guide. The pass 
band of Curve B is approximately 
40 per cent larger than the pass 
band of Curve A. Moreover, the 
tolerance in decibels for Curve B is twice as large as for Curve A. 

A simple formula for the ratio of the two bandwidths can be derived 
from Eq. (193). For this purpose it may be assumed that both B and 0 
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Fig. 10-84.—Effect of the frequency sensi¬ 
tivity of coupling lines on characteristics of a 
filter consisting of three elements, X ff /4- 
coupled. 
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are proportional to the frequency difference Aw = w — w 0 ; hence Eqs. 
(189) and (190) reduce to 


B = 4Q l — 



(197) 

(198) 


Equation (194) can be simplified for values of 0 near ir/2 by means of the 
following approximations: 


sin 0 — 1, 
cos 0 « ^ — 0 • 


Then, for the variable y, 



(199) 


It is convenient to introduce again the normalized frequency variable 


x 


= 2Ql~ 


( 200 ) 


already defined in Eq. (183). The ratio y/x is a constant 


*-i+! 



( 201 ) 


Substituting for y and B in Eq. (193) by means of Eqs. (195), (199), (200), 
and (201), 



1 + z 2 E/ 2 (fcr)- 


( 202 ) 


Equation (202) is identical to Eq. (186) but for the fact that the variable 
of the Tchebysheff polynomial is multiplied by k. Let w$ be the width 
of the pass band between the outer zeros of t/*(fac), and w r/ 2 be the 
corresponding bandwidth for 0 = 7r/2, that is, the width between the 
outer zeros of f7 2 (z). It is evident that 


^ = k ^ 1- (203) 

We 

In the case of Fig. 10-84, that is, for Q L = 4 and w c /w 0 = 0.73, k is equal 
to 1.42. Equation (202) shows also that the frequency dependence of 6 
reduces the bandpass loss. In fact, x 2 is inversely proportional to k 2 for 
any given value of t/ 2 . 



694 


THE DESIGN OF MICROWAVE FILTERS 


[Sec. 10-14 


The percentage error in bandwidth, which results from assuming that 
6 is independent of frequency, is inversely proportional to Ql and becomes 

approximately 3 per cent for 
Ql = 50. Therefore, such an as¬ 
sumption is quite reasonable in 
the case of narrow-band filters. 

Equations (193) and (194) can 
also be used to study the effect of 
making the length of the coupling 
lines different from a quarter wave¬ 
length at the mean frequency o> 0 . 
It is clear that when 0(to o ) ^ ir/2 
the frequency characteristics of 
the filter are not symmetrical with 
respect to too. The curves of Fig. 
10-85 represent the percentage 
transmission obtained from Eq. 
(193) for n = 3 and for three dif— 
ferent constant values of 0(co o ). 
x ~Qi. fcjb~w/ The second important assump- 

Fig. 10-85.—Effect of improper length of tion involved in the analysis of 
coupling lme. quarter - wavelength - coupled fil¬ 

ters concerns the representation of cavity resonators as simple parallel 
resonant circuits. Figures 10-39a and 10-396 show that in using SU ch a 
representation the series reactances of the input and output loops are 
neglected as well as the direct coupling between input and output ter¬ 
minals. The direct coupling is actually negligible in well-designed cavi¬ 
ties. The series reactances, on the contrary, may 
have an appreciable effect on the bandpass charac¬ 
teristics of the filter. 

To investigate this phenomenon, consider the 
section of a quarter-wavelength-coupled filter shown 
in Fig. 10-86, in which the two series reactances are . . 

equal to Xo. In the case of rectangular cavities, X 0 r* ®o 4 * 6 0 —d 

is of the order of magnitude of 1 /\/Ql [see Eq. . Fiq - 10-86.—Sec- 
(128)]. It follows that in computing Z ooh for the filter £ith series°reS 
section of Fig. 10-86 X 0 may be neglected whenever tances - 
X 0 B <5C 1. This condition is satisfied over the pass band when Q L is 
larger than about 100. On the other hand, for 

Xo + tan 

- r 

1 - Xo tan ^ 




( 204 ) 
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In this equation the presence of X 0 may be corrected for by making 0 
equal to the value for which Z Kb = j, that is, approximately 


ft, = 2X«- 


(205) 


Note that this correction is made automatically if the effective location 
of the terminals of the cavity is determined experimentally in accordance 
with the procedure outlined in Sec. 10-12. 

As an illustration of the effect of the reactances X 0 , the filter shown 
schematically in Fig. 10-87 will be considered. This filter consists of 
four irises placed in a waveguide in such a way that two cavities separated 


bo 


Pbp pb 0 


bo 


by a quarter-wavelength section 
of guide are formed. According 
to our method of design, this filter 
behaves like a critically coupled, 
doubly tuned circuit when all the 
irises are equal. Overcoupling 
and undercoupling can be ob¬ 
tained by varying the ratio p of 
the susceptance of the two inner 
irises to the susceptance of the two outer irises. To find the frequencies 
of perfect transmission, one must solve the equation ffi — e = 0, as indi¬ 
cated by Eq. (46), Sec. 9-3, where in this case, 

ffi = (cos 0 — b 0 p sin 0) 2 — sin 2 0 (206) 

6 = — (bop cos 0 + sin 0 + b 0 cos 0 — b§p sin 0) 2 

+ (cos 0 — b 0 sin 0) 2 (207) 


LO-87.—Two rectangular cavities, X„/4- 
coupled. 


where bo is the normalized susceptance of the outer irises and 0 is the 
angular length of each cavity. The particular case of critical coupling 
occurs when the two 0 roots of the equation © — C = 0 coincide. Such 
degenerate roots are found for a value of p, given by 


1 + l 


(208) 


or, for b > 10, by 


. 1 + 1 . 
1 + b§ 


(209) 


Note that in this case the series reactance X 0 is equal to — Since 

critical coupling is obtained when p > 1, the two cavities are effectively 
undercoupled when all the irises are equal. It follows that the stray 
series reactances have the effect of decreasing the coupling between the 
two cavities. However, if the loaded Q of the cavities is about 100, this 
effect is of the order of magnitude of only 1 per cent. 
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In the narrow-band extreme, the elements of a quarter-wavelength- 
coupled filter may no longer be considered “dissipationless.” In the 
theoretical section, methods for computing the effect of incidental 
dissipation and for correcting the design formulas have been discussed. 
However, in many cases the work involved in such corrections and the 
changes required in mechanical design do not pay sufficient dividends in 
improved performance to justify this procedure. It is common practice 
to accept such deviations from the predicted performance without com¬ 
pensating for them since, in many cases, the deviations are of minor 
importance. By way of illustration, Fig. 10-88 is included to show the 



Fig. 10*88. —Effect of incidental dissipation on X 0 /4-coupled resonant elements. Curves 
correspond to values of g = 0, 0.02, and 0.05. 


effect of a varying degree of dissipation on the characteristics of filters 
with two, three, and four identical resonant elements. The parameter 
used to measure the dissipation is the ratio of the loaded to the unloaded Q 
of the elements. 

10*16. Quarter-wavelength-coupled Filters with Tchebysheff Charac¬ 
teristics.—Most of the quarter-wavelength-coupled filters that have 
actually been designed and built make use of identical cavities. How¬ 
ever, in such a design, as pointed out before, the mechanical simplicity 
is achieved at the cost of electrical performance. For this reason, it is 
perhaps worth while to investigate this matter in some detail by com¬ 
paring the optimum loss characteristics of the general structure shown in 
Fig. 10-66 with the characteristics of filters employing identical cavities. 
This structure can be derived from the prototype low-pass structure of 
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Fig. 10-89.—Off-band insertion loss for various filters having a bandpass tolerance oi 
1 db (6* = 0.25). 

Fig. 10-496, for which the optimum behavior of the power-loss ratio is of 
the form (see Sec. 9-18) 


£-° - i + 


( 210 ) 


where T n is a Tchebysheff polynomial of the first kind, n is the number 
of elements, and e* is the bandpass tolerance. It will be recalled that all 
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the maxima of this function and its value for o> = 1 are equal to 1 + e 2 . 
The method of network synthesis that yields filters with prescribed power- 
loss ratios has been discussed in Chap. 9. 



Fio. 10-90. —Off-band insertion loss for various filters having a bandpass tolerance of 
0.5 db (e* = 0.125). 

A quarter-wavelength-coupled filter consisting of two identical 
cavities can be derived from the prototype low-pass structure of Fig. 
10-496 in which the inductance, the capacitance, and both terminating 
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resistances are equal to unity. This type of design which corresponds to 
critical coupling has already been discussed in Sec. 10-9 in connection 
with directly coupled cavity filters. It was found there that by over¬ 
coupling the two cavities, that is, by deriving the filter from a prototype 
structure having a power ratio of the optimum form, the off-band loss 
could be increased by 6 db, while maintaining the same bandwidth and 
the same bandpass tolerance. Design equations for this prototype 
structure are presented in the same section, together with a method of 
compensating for the effect of incidental dissipation. Plots of the off- 
band insertion loss of two element filters are shown in Figs. 10-89,10-90, 
and 10-91 for different values of the bandpass tolerance. 

In the case of three identical, quarter-wavelength-coupled cavities, 
the power-loss ratio is of the optimum form, but the tolerance e 2 , which is 
equal to -fa, cannot be changed. In fact, it can be shown that Eq. (186) 
for n = 3 can be rewritten in the form 

(£), = 1 + ^'M (211) 

by means of the change of variable 

x' = y/3x. (212) 

This transformation is merely a normalization of the independent 
variable which makes the power ratio equal to 1 + fa for x' = 1. 

In this connection, it is interesting to note that if the same trans¬ 
formation is applied to Eq. (202), which takes into account the frequency 
dependence of the coupling lines, 

(rX = 1 + ^ Tl(kx ' y (2I3) 

This equation shows very clearly that the frequency dependence of the 
coupling lines reduces the bandwidth by a factor equal to k. Moreover, 
it shows that the bandpass tolerance is reduced by the factor k 2 , a fact 
which is not evident in Eq. (202). In the particular case of Fig. 10-84, k 
is equal to 1.42 and the maximum loss in the pass band is thus reduced by 
0.8 db. 

The value of fa for e 2 in Eq. (211) corresponds to a maximum loss in 
the pass band equal to 0.16 db which is satisfactory in most practical 
cases. However, if a different tolerance is desired, the loaded Q of the 
middle resonant element has to be different from the loaded Q of the outer 
resonant elements. The relation between the ratio of the loaded Q’s 
and the tolerance can be determined from the frequency behavior of the 
prototype structure of Fig. 10-92. The power-loss ratio of this structure 
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j?iG. 10-91.—Insertion loss for various filters having a bandpass tolerance of 0.25 db 
(6* = 0.0625). 


is found to be 

(kL " 1 + b* - 4 Gz'~ b»)P- (214) 

This equation can be identified with Eq. (210) for n = 3, in which T 3 (a>) 
is given by 

T 3 ( o>) = «(4<o 2 - 3); (215) 

therefore the following conditions must be satisfied for optimum frequency 
response: 
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64 


(216) 

(217) 


From these conditions the following two design equations can be derived: 
8 C 


L 3 C 2 + 4 

L _ C 3 

s 8 C 2 3 C 3 + 4' 


(218) 

(219) 


In transforming the low-pass structure to a bandpass structure, 
the pass band of the filter is defined as the frequency band in which the 
power ratio is smaller than, or equal to 1 + e 2 . 

If w is the width of this band, one obtains for 
the loaded Q of the outer resenant element 
[see Eq. (120)] 


Ql = \c — 
2 w 


( 220 ) 


l _ L. 

rWVo ovTnnp-j-o o—* 

i_xii 

Fig. 10-92.—Three-element pro¬ 
totype low-pass structure. 


and the ratio of the loaded Q of the inner 
element to the loaded Q of the outer element becomes 

L 

r = C 


( 221 ) 


That this ratio becomes unity for e 2 = can be checked. 

Curves of the off-band insertion loss for different values of the 
maximum bandpass loss are plotted in Figs. 10-89, 10-90, and 10-91. 
The insertion loss for a filter derived from a constant-A; low-pass section 
is also plotted in the same figures for the same values of bandpass loss. 
For a constant-A; section the ratio r is equal to 2 and the transmission 
ratio has no maxima in the pass band other than the one at the mean 
frequency o> 0 . 

In the case of a filter consisting of four identical resonant elements, 
the maximum value of the power-loss ratio is found to be 1.25. This 
value corresponds to a loss of approximately 1 db and a tolerance 
e 2 = The curve of the off-band insertion loss for this filter is compared 
in Fig. 10-89 with the corresponding curve for a four-element filter of 
optimum design which has the same bandwidth and the same bandpass 
loss. It can be seen that far from the pass band the filter of optimum 
design has a loss 2.65 db larger than the loss of the filter with equal 
elements. Since such a difference is negligible, the simple design with 
equal elements is quite satisfactory if a bandpass loss of 1 db is per- 
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mitted. If a different tolerance is desired, however, the filter must be 
designed following the procedure discussed in Chap. 9. 

The off-band insertion loss of the filters discussed above is, in all 
cases, a monotonic function which increases with the frequency deviation 
from the center of the pass band. The rate of cutoff, for a given bandpass 
tolerance, is determined by the number n of resonant elements. More 

precisely, in the case of optimum 
design sufficiently far from the 
pass band, the insertion loss in 
decibels is proportional to n. It 
follows that extremely sharp cut¬ 
offs require large numbers of reso¬ 
nant elements. In the case of 
lumped-element filters, this diffi¬ 
culty is circumvented by using fil¬ 
ters of the m-derived type, that is, 
filters derived from prototype 
structures such as the ones shown 
in Fig. 10*93. These structures 
can be designed in a number of 
ways, for instance, by cascading a 
number of actual m-derived sections, or by means of the direct synthesis 
procedure discussed in Chap. 9. The insertion loss of a low-pass filter of 
this type has a number of infinite peaks which coincide with the resonance 
frequencies of the branches of the ladder. These resonance frequencies 
can be placed in the vicinity of the pass band to increase the sharpness of 
the cutoff. The optimum design for filters of this type is discussed in 


tiut 

c—T T T—T T » 

(e) 

•HQ5H5r- 


(b) 

Fig. 10-93.— Prototype low-pass structures 
of the m-derived type. 


Sec. 9*19. 

Low-pass structures of the types 
shown in Fig. 10*93 can be transformed 
into quarter-wavelength-coupled filters 
by following the same procedure used 
in the case of the structure of Fig. 10*496. 

The only difficulty encountered concerns 
the transformation of the resonant 
branches into microwave elements. 

Consider, then, one of the resonant 
branches of the structure of Fig. 10*93a which is assumed to have a cutoff 
frequency to c equal to 1. This branch, shown in Fig. 10-94a, resonates 
at the frequency 

“-“W (222 > 



Fig. 10-94.—Transformation of reso¬ 
nant branches. 


When the low-pass structure is transformed into a bandpass filter with a 
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bandwidth w and a mean frequency w 0 , the resonant branch is trans¬ 
formed into the network shown in Fig. 10-94&. Both tuned circuits 
resonate at the frequency w 0 . This network cannot be realized directly 
at microwaves. Therefore, it is further transformed into the network 
of Fig. 10-94c by applying Foster’s reactance theorem. The resonance 
frequencies o> 00i and of the two series-tuned circuits are given by the 
following equations: 

"ce s = "o ( 223 ) 

o> 00j — o> 00i = w x = ct) x w. (224) 

For large values of o) 0 /w the following expressions are approximately 
true: 

~ + -^ (225) 


(226) 


The network of Fig. 10-94c places in evidence the fact that w Mi and are 
the frequencies at which the insertion loss of the bandpass filter becomes 
infinite. The values of L t and L 2 can be determined by requiring that the 
sum of the susceptances of the tuned circuits shall vanish at the frequency 

Q 

to 0 and shall have, at the same frequency, a slope equal to 2 — Then 


Ll _ Woo, 

U ~ 

Z/jZ/2 _ L 

Li -]- Z/2 w 


(227) 

(228) 


In the case of narrow-band filters, 
these equations yield approxi¬ 
mately 

L 1= L 2 = 2-. (229) 

w 



The network of Fig. 10-94 can Fl °- 10-95 -Microwave realisations of the 
. ° resonant branches shown in Fig. 10-94. 

be approximated m a number of 

ways by means of microwave elements. In the case of coaxial-line filters 
with a relatively broad band, two simple stubs in shunt with the main line 
may be used. When the ratio o)q/w is so large that stubs become imprac¬ 
tical, cavities quarter-wavelength-coupled to the main line as shown in 
Fig. 10-95a may be used. The Q of the cavity when loaded by the char¬ 
acteristic impedance of the coupling line is related to L by the approxi¬ 
mate equation 

Qm«2l22. 


( 230 ) 
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Figure 10-96 illustrates the microwave realization of a bandpass ra-derived 
section. A similar arrangement of cavities can be used in the case of 
waveguide filters. 

An entirely different approach to the problem of transforming the 
branch of Fig. 10-94a into microwave elements is illustrated in Figs. 
10-956 and 10-95c. The branch is considered as a separate filter whose 

output terminals are open-cir¬ 
cuited. The transformation into 
the structure of Fig. 10-95c can 
be performed exactly as in the case 
of a direct-coupled, two-cavity fil¬ 
ter. Both cavities are tuned to 
the frequency to 0 , and the band¬ 
width w m between the frequencies 
of infinite loss is controlled by the 
coupling between the two cavities. 
A similar arrangement can be 
used, of course, in the case of 
waveguide filters. 

All the filters discussed in the 
preceding sections are of the 
bandpass type. Band-rejection 
filters are seldom used, but can be designed in the same manner. 
A lumped-element bandpass filter can always be transformed into 
a band-rejection filter by substituting series-tuned circuits for parallel- 
tuned circuits and vice versa in accordance with the procedure 
discussed in Sec. 9-8. For instance, the structure of Fig. 10-666 would be 
transformed into the structure of Fig. 10-97. The U s in Fig. 10-97 are 



Fig. 10-97.—A band-rejection structure. 



Fig. 10-96.—Microwave realization of an 
m-derived section. 


made equal numerically to the <7’s in Fig. 10-666, for coupling lines of 
unity characteristic impedance, and vice versa. Let the power-loss ratio 
of the bandpass filter be 


where 


(£L - 1 

^ _ COo f 0) _ C0(A 

W \COo to / 


(231) 


( 232 ) 
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The power-loss ratio of the band-elimination filter obtained from the 
bandpass filter as explained above is given then by 



(233) 


This equation shows that the pass band and the rejection band have been 




( 6 ) 

Fig. 10-98.—Two alternative microwave realizations of band-rejection structure. 


interchanged in the frequency spectrum; thus the frequencies correspond¬ 
ing to x = ±1, that is, the two ends of the pass band are left fixed. 

Microwave band-rejection filters can be designed without difficulty 
by using quarter-wavelength couplings as 
in the case of bandpass filters. Figure 
10-98a illustrates a practical realization of 
a waveguide filter of this type. The cavi¬ 
ties are placed in series with the guide 
and therefore they behave like parallel- 
tuned circuits in series with the line. 

However, this type of structure and the 
structure of Fig. 10-97 have the same 
insertion loss. This equivalence can be 
checked easily by simply adding quarter-wavelength sections at both ends 
of either structure. A structure more directly equivalent to the filter of 
Fig. 10-97 would consist of cavities coupled in shunt to the main guide, 
as shown in Fig. 10-986. The input terminals of these cavities are effec- 



T 


(«) (« 
Fig. 10-99.—A series-resonant 
structure with its equivalent circuit. 
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tively spaced one-quarter wavelength from the guide since no reflection 
takes place in the guide when these terminals are short-circuited. In the 
case of coaxial-line filters, cavities quarter-wavelength-coupled to the 
main line, such as the ones shown in Fig. 10-96, may be used. 

Transmission-resonant irises have their counterpart in the rejection- 
resonant irises which behave approximately like series-tuned circuits. 
Rejection irises can be obtained from transmission irises by the simple 
procedure of interchanging metal with hole. A very simple type of 
rejection iris is shown in Fig. 10-99 together with its equivalent circuit. 
Irises of this type can be quarter-wavelength-spaced in a guide to form a 
broadband rejection filter. The design procedure is the same as in the 
case of bandpass filters, apart from the transformation from bandpass to 
band-rejection filter already discussed above. 


MISCELLANEOUS FILTERS 

10*16. Lattice Networks.—Symmetrical lattice networks are exten¬ 
sively used in the process of designing lumped-element filters because 



Flo. 10-100.—Simple waveguide magic T and its equivalent circuit. 

they represent the most general form of symmetrical two-terminal-pair 
network. However, they are seldom used as final filter structures because 
they require extremely close tolerances on the values of the elements. 
The reader can be convinced of this fact by noting that proper operation 
of a lattice filter requires perfect coincidence of the critical frequencies of 
the series and shunt arms. Small differences between corresponding 
critical frequencies may produce considerable distortions of the frequency 
characteristics of the filter. 

In spite of these practical considerations, it is of interest to inquire 
whether it is possible to simulate a lattice network by means of wave¬ 
guides. An investigation of this question reveals that the simple magic T 
may be regarded as the nucleus of a lattice network. It will be recalled 
that a magic T in rectangular waveguide consists of an //-plane T and an 
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F-plane T formed at the same point of a waveguide, as shown in Fig. 
10-100a. If, now, two of the arms of a properly matched magic T are 
terminated with impedances Z a and Z h as schematically represented in 
Fig. 10-1006, the behavior of the resulting two-terminal-pair network may 
be represented by the lattice network of Fig. 10-100c. 

As in the case of a lattice network, it is found that in a magic-T filter 
the impedances connected to the A and B arms must be held to very 
close tolerances. Moreover, the behavior of a magic T can be made to 
approximate the behavior of a simple lattice network only over a limited 
frequency range. For these reasons, magic-T filters are not, in general, 
feasible although they may present advantages in very special cases. 

10 * 17 . Mode Filters.—It is sometimes desirable to transmit energy 
through a waveguide or a coaxial line in a single preferred mode. For this 
purpose, structures have been designed that selectively propagate certain 
modes while reflecting others. Such devices are known as “mode 
filters.” These filters are outside the scope of this chapter but reference 
may be mkde to Chap. 7 for a detailed discussion of their application in 
rotary joints. 

In certain special cases, however, mode filters may be used with advan¬ 
tage to provide frequency discrimination. Thus, if the two frequencies 
to be separated are extremely close together, it is often simpler to arrange 
to propagate the two frequencies in different modes and to utilize the 
difference in mode rather than the difference in frequency as the basis for 
discrimination. As an example, the simple case will be considered in 
which it is desired to separate two signals of slightly different frequencies 
received by the same antenna. If the antenna is designed to receive 
circularly polarized waves, it will accept waves of all possible polari¬ 
zations. If the two waves to be received are plane-polarized at right 
angles, they may be transmitted through the same guide using different 
modes of propagation or different polarizations of the same mode. The 
two modes can then be separated by means of a mode filter. In this 
manner, it is possible to achieve without difficulty 20- to 30-db discrimi¬ 
nation over a band of a few per cent. A filter that performs the same 
operation by frequency discrimination would become progressively more 
complex as the frequency difference between the two signals became 
smaller. Unfortunately, it is difficult by this method to extend this 
principle to obtain discrimination between more than two frequencies or 
to separate two signals of widely different frequencies. 

10 * 18 . Absorption Filters.—In some cases, in which it is desirable to 
attenuate a wide band of frequencies, the use of absorption filters is indi¬ 
cated. Such filters do not discriminate by reflection but by dissipation 
and, consequently, their use is limited to those cases where the attenuated 
frequencies are not to be utilized. Although substances, such as 
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ammonia, which have absorption bands in the microwave range are 
known, in general the application of absorption filters is limited to low- 
pass filters with gradual cutoffs. In these cases, it is possible to find 
suitable solid dielectric materials for which the loss functions vary as in 
Fig. 10*101. The dielectric may then be introduced into the trans¬ 
mission line or waveguide as a 
slug with suitable tapers to avoid 
reflections. For design informa¬ 
tion on dielectric materials, the 
reader is referred to a comprehen¬ 
sive report by A. von Hippel. 20 

10-19. Multiplexers.—In the 
terminology of communication 
engineering, a multiplexer is a 
device for separating signals of 
different frequencies present in the 
same circuit and directing them 
into subsidiary circuits, or vice 
versa. Such a device is not to be 
confused with a duplexer as used 
in radar for electronic switching in 
systems designed to transmit 
Multiplexers permit the transmis¬ 
sion of a number of signals from one station to another without the intro¬ 
duction of appreciable crosstalk and constitute, therefore, one of the main 
applications of filters. 

It is obvious that microwave multiplexing requires a method of con¬ 
necting channel filters across a transmission line or waveguide in such a 
way that the power in each signal is diverted to the appropriate branch 
with negligible loss. One such method, analogous in principle to that 
used in radar duplexing, has been experimentally tested by Fox 14 and 
found to be very satisfactory. This multiplexer, schematically repre¬ 
sented in Fig. 10*102, consists of n bandpass filters centered at the n 
frequencies of the signals to be separated. Each of these filters is con¬ 
nected in shunt to the main transmission line. For frequencies within a 
particular channel, the corresponding filter acts as a shunt impedance 
approximately equal to the characteristic impedance of the line; for such 
frequencies, the remaining filters appear as open circuits. 

It follows from the above discussion that a signal of frequency w* 
within a particular channel is effectively aware of the presence of only one 
filter, namely, the one tuned to its own frequency. If the main guide is 
then short-circuited at the proper place, that is, approximately an odd 
number of quarter wavelengths from the center of the kth side branch, 



Fig. 10-101.—Attenuation as a function 
of frequency for dielectrics with constant loss 
angles, and for Corning Glass No. 6460. 


pulses and detect subsequent echoes. 
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the signal of frequency u k is matched into this branch without appreciable 
loss. The input iris of the last filter may be substituted for the end plate 
of the guide, as shown in Fig. 10-102, without modifying the behavior of 
the system. The branches containing all the other filters are then con¬ 
nected to the main guide at the proper distance from the input iris of the 
last filter as shown in Fig. 10-102. In the particular case considered, each 
filter consists of a simple cavity. However, more complex filters can be 



used if required by the frequency separation of the channels. Coaxial¬ 
line multiplexers similar to the waveguide multiplexer just described can 
be designed in a similar manner. 

ASSEMBLY AND TEST PROCEDURES 
10*20. Broadband Filters.—For broadband filters where the pass 
band is greater than 10 per cent in frequency, the mechanical tolerances 
are sufficiently loose, in general, to eliminate the necessity for adjustment 
after assembly. It suffices to check the insertion loss at several points in 
the pass band, for example, at the center and edges, to ensure that no 
gross mechanical error is present in the particular filter under test. The 
exact test procedure depends on the particular specifications, but usually 
does not present a major problem. For the measurement of insertion 
loss, an apparatus of the general type schematically represented in 
I Fig. 10-103 is needed. When the generator is isolated from the filter 
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under test by an attenuating pad which reflects negligible power, and 
when a well-matched detector terminates the line, a comparison of the 
power reaching the detector with and without the filter interposed 
determines the insertion loss. It is wise to use a power monitor on the 
generator to ensure that the power output of the generator is unaltered by 
reflections from the filter since it is often not feasible to use sufficient 



Fig. 10-103.—R-f bench for testing broadband filters. 


padding to provide complete isolation. In this manner, it is possible 
to ascertain insertion losses up to about 60 db. For higher attenuations, 
extreme care must be exercised to avoid direct r-f leakage from the gener¬ 
ator to the detector. In many cases, the available power from the gener¬ 
ator is such that with 60 db of attenuation in the filter plus adequate 
padding, the power level is below the limit of sensitivity of the detector. 

It should be recalled in the 
testing of broadband filters that 
spurious results are often intro¬ 
duced by the fact that the con¬ 
nectors to the filter are not 
sufficiently frequency-insensitive. 
For this reason, it is common 
practice to insert dummy connec¬ 
tors of the same type employed 
in the filter between the generator 
and load when the measurements 
are made with the filter removed. 
It must be realized, however, that 
this procedure does not determine 
the over-all insertion loss produced 
by the filter in actual practice. 

As an example of the over-all 
reproducibility of electrical characteristics including both manufacturing 
and test errors, curves for a number of Type 2 filters described in Sec. 10-3 
are shown in Fig. 10-104. 

10-21. Narrow-band Filters.—Point-by-point determination of inser¬ 
tion loss as a function of frequency is cumbersome but possible whenever 



Frequency in Mc/sec 


Fig. 10-104.—Insertion loss for three 
filters of the same type, illustrating repro¬ 
ducibility. 
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adjustments after assembly are not required. In narrow-band filters, 
where mechanical tolerances are close and compensating adjustments 
must be made after assembly, the point-by-point procedure becomes 
prohibitively expensive and other test and lineup procedures must be 
found. It is highly desirable in lining up multicavity filters, for instance, 
to be able to ascertain at a glance the effect of a small change of any one 
of the parameters of the system on the whole loss characteristic. In the 



Fig. 10-105.—Schematic diagram of a volume control for a reflex oscillator. 


case of narrow-band filters, it is possible to sweep a generator over the 
range of frequencies concerned and observe on a cathode-ray tube a 
frequency plot of the power transmitted by the filter to a detector. In 
order for the trace on the screen to represent sufficiently well the fre¬ 
quency characteristics of the filter alone, a scheme that keeps the output 
power of the generator constant over the frequency band of interest 
must be provided. A generator with such a volume control, used in con¬ 
junction with a frequency-insensitive detector, provides an adequate 
test system. 

A circuit that maintains a con¬ 
stant output power from a reflex 
oscillator* is shown schematically 
in Fig. 10-105. A small fraction 
of the power carried by the wave 
traveling from the generator to the 
load is coupled into a detector by 
a directional coupler. The recti¬ 
fied voltage from the detector is 
amplified and applied to the voltage regulator which controls the reflector 
voltage of the generator. Whenever possible, it is desirable to modulate 
the tube because high-gain d-c amplifiers are, in general, very trouble- 

* Most tunable generators are of the reflex type. In such oscillators, even if 
constant output is not required, the reflector voltage must track the resonance fre¬ 
quency of the cavity to maintain oscillations. 



lator as a function of the reflector voltage. 
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some. In this case, the output of the amplifier must be rectified before 
being fed into the voltage regulator. 

Fig. 10-106 shows a typical plot of the output power of a reflex 
oscillator as a function of the reflector voltage for a given resonance 
frequency of the cavity. If the reflector voltage is initially adjusted for 
operation at the point A, any small change of the power coupled into the 
detector produces a large change of the reflector voltage, which in turn 
corrects the output power of the tube. This correction can be adjusted 
to have the proper sign for stable operation. The stability conditions 
can be expressed mathematically in the following manner. The reflector 
voltage V r consists of two components F 0 and F c . F 0 is independent 
of the output power of the tube and is manually adjusted, whereas F c is a 
function of the output power specified by 

V e - f(P). (234) 

The tube characteristics can be expressed by 

P = *(F„«) = *[(Fo + F e ),«] (235) 

where to is the resonance frequency of the cavity. The output power 
can be determined by substituting Eq. (234) for F c in Eq. (235) and solv¬ 
ing for P. Let P 0 be a value of the output power that can be obtained 
at any frequency within a specified band centered at w 0 . Fo can then be 
adjusted to the value for which Eqs. (234) and (235) are satisfied by 
P = P 0 and os = o>o. This condition of operation is stable if 



that is, if a positive increment of P in Eq. (234) corresponds to a negative 
increment of P in Eq. (235). If this condition is not satisfied at the 
point A in Fig. 10-106, it will certainly be satisfied at the point B and 
vice versa. 

Suppose now it is desired to vary to over the specified band centered 
at too while keeping the deviation of P from P 0 within a given magnitude 
APo. Let AF C be the maximum change of F c required, according to Eq. 
(235), to keep P within these specified limits. This change of reflector 
voltage can always be obtained by means of the feedback circuit, pro¬ 
vided the gain of the amplifier is sufficiently high. It follows that AP 0 
can be made arbitrarily small. Note that the only restriction to be 
placed on the functions /(P) and <j>[(V 0 + F c ),to] is that they must 
satisfy Eq. (236) for all values of P considered. 

The directional coupler and the detector have been implicitly assumed 
to be frequency-insensitive. This is not the case in practice, however; 
the minimum value of AP 0 is therefore actually limited by the frequency 
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behavior of the r-f components. In fact, the output voltage of the 
detector, rather than the output power of the tube, is the quantity that 
is kept constant. Detectors of the barretter type can be matched to a 
YSWR less than 1.2 over a 10 per cent band. The frequency behavior of 
the directional coupler is therefore the actual limiting factor. 

The volume control scheme of Fig. 10T05 has been tried out in con¬ 
nection with a type 2K45 oscillator. This tube is thermally tuned by 
controlling the grid voltage of a triode, which is the heating element. 
The resonance frequency of the cavity can thus be swept over a 10 per 
cent band with a 14-sec period* by alternating the control grid voltage 
over a suitable range. Any convenient on-off circuit can be used for this 
purpose. The same circuit can also provide the required sweep voltage 
for the oscilloscope presentation mentioned above. The long period 
associated with thermal tuning requires the use of a long persistence 
screen. 

The accuracy of the measurement of the insertion loss of a filter may 
be improved by the use of logarithmic amplifiers in comparing the inci¬ 
dent power with the power transmitted through the filter. If the output 
voltages of two logarithmic amplifiers are proportional, respectively, 
to the logarithm of the incident power and to the logarithm of the trans¬ 
mitted power, their difference is by definition proportional to the insertion 
loss. This method of measurement can be used in connection with the 
sweep frequency oscillator described above. If the output voltages of 
the two amplifiers are connected directly to the vertical plates of the 
oscilloscope, the vertical deflection of the beam will be proportional to 
the insertion loss. A plot of the insertion loss as a function of frequency 
can thus be obtained. 

A satisfactory type of logarithmic amplifier 21 makes use of a special 
type of germanium crystal, in which the “cat whisker” is welded to the 
surface of the crystal. For these crystals the static voltage-current 
characteristics obey the logarithmic law 

V = K log I 

sufficiently well over a range of currents as large as 1000 to 1. If a 
crystal of this type is used as the plate load of a pentode, the voltage 
across the crystal will be proportional to the logarithm of the grid volt¬ 
age of the pentode. Appropriate current feedback must be used to 
counteract the effect of the nonlinearity of the tube characteristics that 
would otherwise limi t the accuracy of the logarithmic response. Other 
stages of amplification of conventional design can be used before and after 
the stage in which the crystal is connected. 

* When tubes with external cavities are available, mechanical tuning permits 
frequency modulation at audio rates. 
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Quarter-wavelength-coupled filters are lined up experimentally in 
the following manner. Each cavity is tuned separately to the correct 
frequency. The value of the loaded Q is checked at the same time. The 
cavities are then connected and the frequency response of the filter is 
observed on the screen of an oscilloscope in the manner described above. 
Small readjustments of the elements are then made to obtain optimum 
bandpass characteristics. In general, if a filter is aligned for opti¬ 
mum bandpass characteristics, the off-band insertion loss will behave 
as predicted. The loss in the pass band depends critically on the align¬ 
ment, and with a swept generator it takes only a matter of minutes to 
adjust a four-cavity filter. Without a swept generator and the aux¬ 
iliary detecting apparatus, such an adjustment may require days of 
tedious measurements. 

The alignment of a doubly resonant cavity may be easily accomplished 
with the same apparatus in the following manner. With the coupling 
screw almost removed, the screws that independently tune the two modes 
are adjusted until the transmission curve consists of a single peak of 
maximum amplitude. The coupling screw is then adjusted until the 
dip between the two peaks is equal to the allowed bandpass tolerance. 
The whole curve is then shifted to the desired resonant frequency by 
tuning both modes with a movable end membrane or by readjusting both 
tuning screws simultaneously. A filter consisting of two direct-coupled 
cavities can be lined up in the same manner. 

10*22. Quarter-wavelength-coupled Filters.—In certain cases, special 
lineup procedures, which do not require swept generators, are practical. 
As an example, a method of adjusting quarter-wavelength-coupled 
filters is described. The apparatus required is schematically illustrated 
in Fig. 10*107. A frequency-stabilized generator should be used in 
connection with narrow-band filters. The filter to be adjusted is inserted 
between two standing-wave detectors in a line that is perfectly ter¬ 
minated. Initially, the resonant elements (cavities or irises) are all 
detuned and the generator is adjusted to the desired resonant frequency. 
Under these circumstances a large standing wave exists in the first 
slotted section. The positions A and A' of two minima of the voltage 
standing wave are determined. The first iris is then tuned until one of 
the minima coincides with the point B, half way between A and A', 
that is, until the standing-wave minima are shifted by A„/4. The second 
iris is now tuned until the minima shift back to their original positions, 
A and A'. Thus, successive irises are tuned by alternately adjusting 
the position of a standing-wave minimum to occur at A and B. The last 
iris, however, cannot be tuned by this procedure. It should be adjusted 
to the desired midband response, that is, in many cases, maximum out¬ 
put power. Note that in the case of lossy filters the adjustment for 
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maximum output power does not yield unity standing-wave ratio in the 
input line. After these adjustments are made, the filter is checked at 
the edges of the pass band to make sure that the over-all behavior of the 
filter is satisfactory. 

The details of the adjustment and test procedure may vary from filter 
to filter. However, it cannot be overemphasized that ease of adjustment 
should be a prime consideration in the design of any filter. Moreover, 
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Fig. 10-107.—Test bench for X„/4-coupled filters. 
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versatile test ^benches, including swept oscillators and logarithmic 
amplifiers, are of great help in laboratory work and become a virtual 
necessity in the case of quantity production of multielement filters. 
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Couplings, choke-flange, circular-groove, 
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Loaded Q, 652 
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Loss length, 146 
Loss tangent, 29 
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Manufacturability, 95 
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Mason, W. P., 173, 634 
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wave, 551-554 
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Maxwell’s equations, 3, 37 
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Metallic materials, 115-124 
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conductivity of, 120 
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Microwave transmission circuits, 5 
Microwaves, useful properties of, 2 
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Pierce, J. R., 196 
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long, 223 

Plungers, short-circuiting, 460-463, 481- 
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Power dividers, 516-528 
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fixed coaxial, 516-519 
variable, 519-522, 525-528 
waveguide, 522-528 
Power factor, 28 
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Power-loss ratio, 550, 558 
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Propagation function, 554-557 
Pulling figure, 84, 472 
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Reflection coefficient, 13-19, 29, 63 
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Reflection-coefficient chart, 60-67 
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Rejection-band characteristics, effect of 
dissipation on, 604-607 
Resistance card load, 97 
Resonances, 99 

in high-power rotary joint, 422 
in rotary joints, 416—420 
Resonant aperture, 221 
Resonant ring, 391 

Resonators, cavity (see Cavity resonators) 
R-f cable connectors, 270 
R-f components of sample radar set, 6 
Richards, P. I., 634, 715, 716 
Rieke diagram, 83 
Robbins, Theo Eloise, 184 
Rotary-joint pressure seals, 141-143 
Rotary joints, 100-109, 407 
circular-polarization, 428 
resonance in, 429 
coaxial, 407-413 
coaxial chokes in, 408 
with combinations of transitions, 448- 
451 

with cross-transition from coaxial line 
to waveguide, 446 

filter-ring, 2'Eu-mode for, resonances 
in, 423 

high-power, with doorknob transitions, 
451-455 

resonances in, 422 
with probe transitions, 447 
resonances in, 416-420 
with 2'En-mode filter-ring transitions 
with TEai-absorbers, 425 
waveguide, 416-433 
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Sarbacher, R. I., 9, 12, 58, 383 

Scaling, 87 

Schaevitz, H., 57 

Schaible, G. J., 247 

Schelkunoff, S. A., 9, 52, 716 

Schuster, N. A., 349 

Screws, general-susceptance, 499-507 

Sealol, 142 

Series branches, 100-114 
Sheets, thin, nonresonant, 218-220 
reflections from, 220 
in resonant mount, 220-222 
Shunt susceptance elements, 93 
Similitude, 87 
Skin depth, 26, 45 

in metallic conductors at microwave 
frequencies, 127 

Slater, J. C., 9, 53, 99, 116, 245, 313, 315, 
316, 362, 415, 497 
Smith, P. H., 63, 500 
Smith admittance chart, 67 
Smith impedance chart, 60-67 
Soldering, 123 
hard, 123 
silver, 123 
soft, 123 

Sperry Gyroscope Company, 129, 189, 
210, 307, 447 

Standing-wave ratio, 17, 63 
voltage, 17 

Standing waves, 13-19 
Stratton, J. C., 87 
Stub supports, 170-182 
Stub tuners, 472-478 
sliding series, 464-466 
waveguide, 483-485 

Stubs, coaxial, broadband matching with, 
332-335 

right-angle, 176-179 
universal, 179 

dimensions for, 180 
Susceptance shunting matched line, 31 
Switches, 528-539 
coaxial-line, 528-533 
type N, 529 
waveguide, 533-539 


Swivel joints, 433-438 
Sykes, R. A., 634 

T 

T-stub supports, simple, 170-173 
T-stubs, broadband, 173-176 
dimensions for, 175 
phase distortion in, 176 
Tapers in coaxial line, 305-311 
Tchebysheff behavior in attenuation 
band, 593-597 

Tchebysheff characteristics, 696-706 
Tchebysheff pass band behavior, 590-593 
Tchebysheff polynomials, 590 
TA-mode, 39 

TEJio-mode rectangular waveguide, 46-54 
TE n-mode, circular polarization of, 369- 
378 

in cylindrical waveguide, determining 
percentage of, 381-388 
for filter-ring rotary joint, resonances 
in, 423 

TiJii-mode filters, 388-400 
Fin, 397 
Teflon, 143 

Teflon connectors, 259 
Teflon dielectric beads, 257 
Telecommunications Research Estab¬ 
lishment, 352, 392 
Telegraphers’ equation, 9-11 
TEM- mode, 39 
Test equipment, 7 
Test procedures, 709-714 
Thermistor bridge, 229 
Titeflex, 116, 279-281 
Titeflex, Inc., 280 
TM- mode, 39 

TM oi-mode, transitions to, 379-381 
TM oi-transitions, breakdown of, 405 
Preston, 389 
straight-on, 400-403 
TR tubes, 688 
Tracing paper, 65 

Transformers, coaxial impedance, 182- 
184 

impedance-matching, 90-95 
quarter-wavelength, 90-92, 217 
variable impedance, 456-516 
Transmission-line charts, 59—82 
choice of, 75-82 
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Transmission-line components, 5 
Transmission-line equations, 32 
Transmission-line theory, 9 
Transmission lines, filters with, 614-645 
frequency behavior of, 614-623 
low-loss, relations in, 34 
radial, voltage and current nodes in, 
196, 197 

relations in, 29-36 
rigid, 144-242 
sealing of, 140 

use of, limitations on, 623-625 
Tubing, for coaxial lines, 115-119 
dimensional tolerances of, 117 
silver-lined, 117 
for waveguides, 115-119 
Tuners, 456-516 

capacitive-screw, 498 
coaxial line, 460-481 
double-screw, waveguide, 507-513 
double-slug, waveguide, 494-498 
single-screw, variable-position, 485- 
489 

single-slug, 489-494 
sliding-screw, 459 
slug, 466-472 
stub (sec Stub timers) 
waveguide, 481-516 
Tuning screw, capacitive, 216 
Tunnicliffe, P. R., 352 

U 

Uglow, K. M., 352 

U. S. Graphite Company, 143 

Units, 8 

Universal joints, 442-445 
Unloaded Q, 653 

V 

Velocity, group, 12 
phase (see Phase velocity) 
signal, 12 

Voltage, effective, 51 
Voltage breakdown, 84 

at microwave frequencies, 227-242 
Voltage insertion ratio, 549 
Von Hippel, A., 132, 136, 716 
VSWR intrpduced by junction between 
two waveguides, 118 


W 

Wadey, W. G., 644 
Walker, R. M., 129, 222, 227 
Wall surfaces, corrugated, 116 
scratched, 116 
Wallin, P. J., 309 
Warner, A., 716 
Washburne, B. P., 188 
Water load, 229 
Wave impedance, 41, 53, 647 
of free space, 37 

Waveguide bends, and twists, 207-209 
Waveguide constants, 191 
Waveguide comers, 203-207 
Waveguide couplings, 193-202 
Waveguide filters, 643-645 
Waveguide mode, transitions with change 
in, 379-405 

Waveguide motional joints, 433-445 
Waveguide power dividers, 522-528 
Waveguide rotary joints, 416-433 
Waveguide stub timers, 483-485 
Waveguide switches, 533-539 
Waveguides, common, characteristics of, 
54-59 

cylindrical, determining percentage of 
TU ii-mode in, 381-388 
different, joining of, 53 
dimensions for, choice of, 188-193 
fields in, 39 

flexible, wire-screen, 287 
as high-pass filters, 644 
inductive iris in, 78 
lossless, 40 

metal-hose, minimum bending radii 
of, 276 

nonresonant flexible, 274-288 
parallel-plate, 40-46 
plastic, 285-287 
plastic-filled, 285-287 
rectangular, of different sizes, transi¬ 
tion between, 361-364 
Ti^o-mode, 46-54 

transition from, to cylindrical, 364- 
369 

resonant flexible, 288-303 
ridge, 358 
screw in, 458 
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Waveguides, seamless corrugated, 282- 
285 

square, circular polarization in, 378 
transitions from coaxial line to, 314- 
361 

tubing for, 115-119 
two, VSWR introduced by junction 
between, 118 

vertebral flexible, 294-303 
Wavelength, critical, 48 
cutoff, 48 
guide, 48 
intrinsic, 42 
Wesson, L. G., 132 


Westinghouse Electric and Manufactur¬ 
ing Company, 141, 221 
Whinnery, J. R., 57, 129, 184 
Whitmer, R. M., 285 
Windows, pressurizing, 218-227 
Woodruff, L. F., 10, 71 

X 

X-pandotite Cement, 133 
Y 

Younker, E. L., 302 



CATALOGUE OF DOVER BOOKS 



Catalogue of Dover Books 

ENGINEERING AND TECHNOLOGY 


General and mathematical 

MATHEMATICS, Kenneth S. Miller. A text for graduate students of engineering 
to strengthen their mathematical background in differential equations, etc. Mathematical 
steps very explicitly indicated. Contents: Determinants and Matrices, Integrals, Linear Dif¬ 
ferential Equations, Fourier Series and Integrals, Laplace Transform, Network Theory, Random 
Function . . . all vital requisites for advanced modern engineering studies. Unabridged 
republication. Appendices: Borel Sets; Riemann-Stieltjes Integral; Fourier Series and Integrals. 
Index. References at Chapter Ends, xii + 417pp. 6 x 8 V 2 . S1121 Paperbound $2.00 

MATHEMATICAL ENGINEERING ANALYSIS, Rufus Oldenburger. A book designed to assist the 
research engineer and scientist in making the transition from physical engineering situations 
to the corresponding mathematics. Scores of common practical situations found in all major 
fields of physics are supplied with their correct mathematical formulations—applications to 
automobile springs and shock absorbers, clocks, throttle torque of diesel engines, resistance 
networks, capacitors, transmission lines, microphones, neon tubes, gasoline engines, refrigera- 
Each section reviews basic principles of underlying various fields: mechanics 
of rigid bodies, electricity and magnetism, heat, elasticity, fluid mechanics, and aerodynamics. 
Comprehensive and eminently useful. Index. 169 problems, answers. 200 photos and diagrams. 
XIV + 426pp. 5% x 8 V 2 . S919 Paperbound $2.00 

MATHEMATICS OF MODERN ENGINEERING, E. G. Keller and R. E. Doherty. Written for the 
Advanced Course in Engineering of the General Electric Corporation, deals with the engineer- 
mg use of determinants, tensors, the Heaviside operational calculus, dyadics, the calculus 
of variations, etc. Presents underlying principles fully, but purpose is to teach engineers to 
deal with modern engineering problems, and emphasis is on the perennial engineering attack 
of . Se ^‘ u p and solve. Indexes. Over 185 figures and tables. Hundreds of exercises, problems, 
and worked-out examples. References. Two volume set. Total of xxxiii + 623pp. 5% x 8. 

S734 Vol I Paperbound $1.85 
S735 Vol II Paperbound $1.85 
The set $3.70 

MATHEMATICAL METHODS FOR SCIENTISTS AND ENGINEERS, L. P. Smith. For scientists and 
engineers, as well as advanced math students. Full investigation of methods and practical 
description of conditions under which each should be used. Elements of real functions, 
differential and integral calculus, space geometry, theory of residues, vector and tensor 
p«mn!« S mntti« 0f f^ esse ■ fu I l i tlon .?l Ea 2L meth S d illustrated by completely-worked-out 
examples, mostly from scientific literature. 368 graded unsolved problems. 100 diagrams. 
X + 453pp. 5% x 8%. S220 Paperbound $2.00 

THEORY OF FUNCTIONS AS APPLIED TO ENGINEERING PROBLEMS, edited by R. Rothe, F. Ollen¬ 
dorff, and K. Pohlhausen. A series of lectures given at the Berlin Institute of Technology that 
shows the specific applications of function theory in electrical and allied fields of engineering. 
Six lectures provide the elements of function theory in a simple and practical form, covering 
complex quantities and variables, integration in the complex plane, residue theorems, etc. 
Then 5 lectures show the exact uses of this powerful mathematical tool, with full discussions 
of problem methods. Index. Bibliography. 108 figures, x + 189pp. 5% x 8. 

S733 Paperbound $1.35 


Aerodynamics and hydrodynamics 


AIRPLANE STRUCTURAL ANALYSIS AND DESIGN, E. E. Sechler and L. G. Dunn. Systematic 
authoritative book which summarizes a large amount of theoretical and experimental work 
on structural analysis and design. Strong on classical subsonic material still basic to much 
aeronautic design . . . remains a highly useful source of information. Covers such areas 
as layout of the airplane, applied and design loads, stress-strain relationships for stable 
structures, truss and frame analysis, the problem of instability, the ultimate strength of 
stiffened flat sheet, analysis of cylindrical structures, wings and control surfaces, fuselage 
analysis, engine mounts, landing gears, etc. Originally published as part of the CALCIT 
Aeronautical Series. 256 Illustrations. 47 study problems. Indexes, xi + 420pp. 5% x 8 V 2 . 

S1043 Paperbound $2.25 

FUNDAMENTALS OF HYDRO- AND AEROMECHANICS, L. Prandtl and 0. G. Tieljens. The well- 

known standard work based upon Prandtl’s lectures at Goettingen. Wherever possible hydro¬ 
dynamics theory is referred to practical considerations in hydraulics, with the view of 
unifying theory and experience. Presentation is extremely clear and though primarily physical, 
mathematical proofs are rigorous and use vector analysis to a considerable extent. An 
Enginering Society Monograph, 1934. 186 figures. Index, xvi + 270pp. 5% x 8. 

S374 Paperbound $1.85 



Catalogue of Dover Books 

FLUID MECHANICS FOR HYDRAULIC ENGINEERS, H. Rouso. Standard work that gives a coherent 
picture of fluid mechanics from the point of view of the hydraulic engineer. Based on courses 
given to civil and mechanical engineering students at Columbia and the California Institute 
of Technology, this work covers every basic principle, method, equation, or theory of 
interest to the hydraulic engineer. Much of the material, diagrams, charts, etc., in this 
self-contained text are not duplicated elsewhere. Covers irrotational motion, conformal map¬ 
ping, problems in laminar motion, fluid turbulence, flow around immersed bodies, transporta¬ 
tion of sediment, general charcteristics of wave phenomena, gravity waves in open channels, 
etc. Index. Appendix of physical properties of common fluids. Frontispiece + 245 figures and 
photographs, xvi + 422pp. 5% x 8. S729 Paperbound $2.25 


WATERHAMMER ANALYSIS, lohu Parmakian. Valuable exposition of the graphical method of 
solving waterhammer problems by Assistant Chief Designing Engineer, U.S. Bureau of 
Reclamation. Discussions of rigid and elastic water column theory, velocity of waterhammer 
waves, theory of graphical waterhammer analysis for gate operation, closings, openings, 
rapid and slow movements, etc., waterhammer in pump discharge caused by power failure, 
waterhammer analysis for compound pipes, and numerous related problems. “With a concise 
and lucid style, clear printing, adequate bibliography and graphs for approximate solutions 
at the project stage, it fills a vacant place in waterhammer literature,” WATER POWER. 
43 problems. Bibliography. Index. 113 illustrations, xiv + 161pp. 5% x 8V&. 

S1061 Paperbound $1.65 


AERODYNAMIC THEORY: A GENERAL REVIEW OF PROGRESS, William F. Durand, editor-iu-chiof. 

A monumental joint effort by the world’s leading authorities prepared under a grant of 
the Guggenheim Fund for the Promotion of Aeronautics. Intended to provide the student 
and aeronautic designer with the theoretical and experimental background of aeronautics. 
Never equalled for breadth, depth, reliability. Contains discussions of special mathematical 
topics not usually taught in the engineering or technical courses. Also: an extended two-part 
treatise on Fluid Mechanics, discussions of aerodynamics of perfect fluids, analyses of 
experiments with wind tunnels, applied airfoil theory, the non-lifting system of the airplane, 
the air propeller, hydrodynamics of boats and floats, the aerodynamics of cooling, etc. 
Contributing experts include Munk, Giacomelli, Prandtl, Toussaint, Von Karman, Klemperer, 
among others. Unabridged republication. 6 volumes bound as 3. Total of 1,012 figures, 12 
plates. Total of 2,186pp. Bibliographies. Notes. Indices. 5% x 8. 

H S328-S330 Clothbound, The Set $17.50 


APPLIED HYDRO- AND AEROMECHANICS, L Prandtl aud 0. G. Tietjens. Presents, for the most 
part, methods which will be valuable to engineers. Covers flow in pipes, boundary layors, 
airfoil theory, entry conditions, turbulent flow in pipes, and the boundary layer, determining 
drag from measurements of pressure and velocity, etc. “Will be welcomed by all students 
of aerodynamics,” NATURE. Unabridged, unaltered. An Engineering Society Monograph, 1934. 
Index. 226 figures, 28 photographic plates illustrating flow patterns, xvi + 311pp. 5% x 8. 

S375 Paperbound $1.85 


SUPERSONIC AERODYNAMICS, E. R. C. Miles. Valuable theoretical introduction to the super¬ 
sonic domain, with emphasis on mathematical tools and principles, for practicing aerody- 
namicists and advanced students in aeronautical engineering. Covers fundamental theory, 
divergence theorem and principles of circulation, compressible flow and Helmholtz laws, the 
Prandtl-Busemann graphic method for 2-dimensional flow, oblique shock waves, the Taylor- 
Maccoll method for cones in supersonic flow, the Chaplygin method for 2-dimensional flow, etc. 
Problems range from practical engineering problems to development of theoretical results. 
“Rendered outstanding by the unprecedented scope of its contents ... has undoubtedly filled 
a vital gap,” AERONAUTICAL ENGINEERING REVIEW. Index. 173 problems, answers. 106 dia¬ 
grams. 7 tables, xii + 255pp. 5% x 8. S214 Paperbound $1.45 


HYDRAULIC TRANSIENTS, G. R. Rich. The best text in hydraulics ever printed in English . . . 
by one of America’s foremost engineers (former Chief Design Engineer for T.V.A.). Provides 
a transition from the basic differential equations of hydraulic transient theory to the 
arithmetic integration computation required by practicing engineers. Sections cover Water 
Hammer, Turbine Speed Regulation, Stability of Governing, Water-Hammer Pressures in Pump 
Discharge Lines, The Differential and Restricted Orifice Surge Tanks, The Normalized Surge 
Tank Charts of Calame and Gaden, Navigation Locks, Surges in Power Canals—Tidal Harmonics, 
etc. Revised and enlarged. Author’s prefaces. Index, xiv + 409pp. 5% x 8V&. 

S116 Paperbound $2.50 

HYDRAULICS AND ITS APPLICATIONS, A. H. Gibson. Excellent comprehensive textbook for the 
student and thorough practical manual for the professional worker, a work of great stature 
in its area. Half the book is devoted to theory and half to applications and practical prob¬ 
lems met in the field. Covers modes of motion of a fluid, critical velocity, viscous flow, eddy 
formation, Bernoulli’s theorem, flow in converging passages, vortex motion, form of effluent 
streams, notches and weirs, skin friction, losses at valves and elbows, siphons, erosion of 
channels, jet propulsion, waves of oscillation, and over 100 similar topics. Final chapters 
(nearly 400 pages) cover more than 100 kinds of hydraulic machinery: Pelton wheel, speed 
regulators, the hydraulic ram, surge tanks, the scoop wheel, the Venturi meter, etc. A 
special chapter treats methods of testing theoretical hypotheses: scale models of rivers, 
tidal estuaries, siphon spillways, etc. 5tn revised and enlarged (1952) edition. Index. Ap¬ 
pendix. 427 photographs and diagrams. 95 examples, answers, xv + 813pp. 6x9. 

S791 Clothbound $6.00 
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FLUID MECHANICS THROUGH WORKED EXAMPLES, D. R. L. Smith and j. Houghton. Advanced 
text covering principles and applications to practical situations. Each chapter begins with 
concise summaries of fundamental ideas. 163 fully worked out examples applying principles 
outlined in the text. 275 other problems, with answers. Contents; The Pressure of Liquids 
on Surfaces; Floating Bodies; Flow Under Constant Head in Pipes; Circulation; Vorticity; 

The Potential Function; Laminar Flow and Lubrication; Impact ot Jets; Hydraulic Turbines- 
c f n £!I ugal and Reciprocating Pumps; Compressible Fluids; and many other items. Total 

of 438 examples. 250 line illustrations. 340pp. Index. 6 x 8 %. S981 Clothbound $6.00 

THEORY OF SHIP MOTIONS, S. N. Blagoveshchensky. The only detailed text in English in 
a rapidly developing branch of engineering and physics, it is the’work of one of the 
world’s foremost authorities—Blagoveshchensky of Leningrad Shipbuilding Institute. A 
senior-level treatment written primarily for engineering students, but also of great importance 
to naval architects, designers, contractors, researchers in hydrodynamics, and other students. 
No mathematics beyond ordinary differential equations is required for understanding the 
text. Translated by T. & L. Strelkoff, under editorship of Louis Landweber, Iowa Institute 
of Hydraulic Research, under auspices of Office of Naval Research. Bibliography. Index. 

231 diagrams and illustrations. Total of 649pp. 5% x 8 V 2 . Vol. I: S234 Paperbound $2.00 

Vol. II: S235 Paperbound $2.00 

THEORY OF FLIGHT, Richard von Mises. Remains almost unsurpassed as balanced, well-written 
account of fundamental fluid dynamics, and situations in which air compressibility effects 
are unimportant. Stressing equally theory and practice, avoiding formidable mathematical 
structure, it conveys a full understanding of physical phenomena and mathematical concepts. 
Contains perhaps the best introduction to general theory of stability. "Outstanding,” Scientific, 
Medical, and Technical Books. New introduction by K. H. Hohenemser. Bibliographical, histor¬ 
ical notes. Index. 408 illustrations, xvi + 620pp. 5% x 8 %. S541 Paperbound $2.95 

THEORY OF WING SECTIONS, I. H. Abbott, A. E. von Doenhoff. Concise compilation of subsonic 
aerodynamic characteristics of modern NASA wing sections, with description of their geom¬ 
etry, associated theory. Primarily reference work for engineers, students, it gives methods, 
data for using wing-section data to predict characteristics. Particularly valuable.- chapters on 
thin wings, airfoils; complete summary of NACA’s experimental observations, system of 
construction families of airfoils. 350pp. of tables on Basic Thickness Forms, Mean Lines, 
Airfoil Ordinates, Aerodynamic Characteristics of Wing Sections. Index. Bibliography. 191 
illustrations. Appendix. 705pp. 5% x 8 . S558 Paperbound $3.25 

WEIGHT-STRENGTH ANALYSIS OF AIRCRAFT STRUCTURES, F. R. Shanley. Scientifically sound 
a . nalyzmg . a f) d Predicting the structural weight of aircraft and missiles. Deals 
directly with forces and the distances over which they must be transmitted, making it possible 
to develop methods by which the minimum structural weight can be determined for any 
material and conditions of loading. Weight equations for wing and fuselage structures. In- 
£.1 -!. s author .. s or I? mal Papers on inelastic buckling and creep buckling. “Particularly success- 
^ IS ana| ytical methods for investigating various optimum design principles.” 
AERONAUTICAL ENGINEERING REVIEW. Enlarged bibliography. Index. 199 figures, xiv + 404pp 
5% x 8% - S660 Paperbound $2.45 


Electricity 


TWO-OIMENSIONAL FIELDS IN ELECTRICAL ENGINEERING, L. V. Bewley. A useful selection of 
typical engineering problems of interest to practicing electrical engineers. Introduces senior 
students to the methods and procedures of mathematical physics. Discusses theory of 
functions of a complex variable, two-dimensional fields of flow, general theorems of mathe¬ 
matical physics and their applications, conformal mapping or transformation, method of 
images, freehand flux plotting, etc. New preface by the author. Appendix by W. F. Kiltner. 
Index. Bibliography at chapter ends, xiv + 204pp. 5% x 8 V 2 . S1118 Paperbound $1.50 


FLUX LINKAGES AND ELECTROMAGNETIC INDUCTION, L. V. Bewley. A brief, clear book 
which shows proper uses and corrects misconceptions of Faraday’s law of electromagnetic 
induction in specific problems. Contents: Circuits, Turns, and Flux Linkages; Substitution of 
Circuits,- Electromagnetic Induction; General Criteria for Electromagnetic Induction; Appli¬ 
cations and Paradoxes; Theorem of Constant Flux Linkages. New Section: Rectangular Coil 
in a Varying Uniform Medium. Valuable supplement to class texts for engineering students. 
Corrected, enlarged edition. New preface. Bibliography in notes. 49 figures, xi + 106pp. 
5% x 8 . S1103 Paperbound $1.25 

INDUCTANCE CALCULATIONS: WORKING FORMULAS AND TABLES, Frederick W. Grover. An 

invaluable book to everyone in electrical engineering. Provides simple single formulas to 
cover all the more important cases of inductance. The approach involves only those para¬ 
meters that naturally enter into each situation, while extensive tables are given to permit 
easy interpolations. Will save the engineer and student countless hours and enable them 
to obtain accurate answers with minimal effort. Corrected republication of 1946 edition. 
58 tables. 97 completely worked out examples. 66 figures, xiv + 286pp. 5% x 8 V 2 . 

S974 Paperbound $1.85 
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GASEOUS CONDUCTORS: THEORY AND ENGINEERING APPLICATIONS, I. D. Coblne. An indis¬ 
pensable text and reference to gaseous conduction phenomena, with the engineering view¬ 
point prevailing throughout. Studies the kinetic theory of gases, ionization, emission phe¬ 
nomena; gas breakdown, spark characteristics, glow, and discharges; engineering applica¬ 
tions in circuit interrupters, rectifiers, light sources, etc. Separate detailed treatment of 
high pressure arcs (Suits); low pressure arcs (Langmuir and Tonks). Much more. “Well 
organized, clear, straightforward,” Tonks, Review of Scientific Instruments. Index. Bibliog¬ 
raphy. 83 practice problems. 7 appendices. Over 600 figures. 58 tables, xx + 606pp. 
5% x 8 . S442 Paperbound $2.95 

INTRODUCTION TO THE STATISTICAL DYNAMICS OF AUTOMATIC CONTROL SYSTEMS, V. V. Selo- 
dovnikov. First English publication of text-reference covering important branch of automatic 
control systems—random signals; in its original edition, this was the first comprehensive 
treatment. Examines frequency characteristics, transfer functions, stationary random proc¬ 
esses, determination of minimum mean-squared error, of transfer function for a finite period 
of observation, much more. Translation edited by J. B. Thomas, L. A. Zadeh. Index. Bibliog¬ 
raphy. Appendix, xxii + 308pp. 5% x 8. S420 Paperbound $2.25 

TENSORS FOR CIRCUITS, Gabriel Kron. A boldly original method of analyzing engineering prob¬ 
lems, at center of sharp discussion since first introduced, now definitely proved useful in 
such areas as electrical and structural networks on automatic computers. Encompasses a 
great variety of specific problems by means of a relatively few symbolic equations. “Power 
and flexibility . . . becoming more widely recognized,” Nature. Formerly “A Short Course 
in Tensor Analysis.” New introduction by B. Hoffmann. Index. Over 800 diagrams, xix + 
250pp. 5% x 8. S534 Paperbound $2.00 


SELECTED PAPERS ON SEMICONDUCTOR MICROWAVE ELECTRONICS, edited by Sumner N. Levine 
and Richard R. Kurzrek. An invaluable collection of important papers dealing with one of 
the most remarkable developments in solid-state electronics—the use of the p-n junction 
to achieve amplification and frequency conversion of microwave frequencies. Contents: 
General Survey (3 introductory papers by W. E. Danielson, R. N. Hall, and M. Tenzer); Gen¬ 
eral Theory of Nonlinear Elements (3 articles by A. van der Ziel, H. E. Rowe, and Manley 
and Rowe); Device Fabrication and Characterization (3 pieces by Bakanowski, Cranna, and 
Uhlir, by McCotter, Walker and Fortini, and by S. T. Eng); Parametric Amplifiers and Fre¬ 
quency Multipliers (13 articles by Uhlir, Heffner and Wade, Matthaei, P. K. Tien, van der 
Ziel, Engelbrecht, Currie and Gould, Uenohara, Leeson and Weinreb, and others); and Tunnel 
Diodes (4 papers by L. Esaki, H. S. Sommers, Jr., M. E. Hines, and Yariv and Cook). Intro¬ 
duction. 295 Figures, xiii + 286pp. 6 V 2 x 9 V4. S1126 Paperbound $2.25 


THE PRINCIPLES OF ELECTROMAGNETISM APPLIED TO ELECTRICAL MACHINES, B. Hague. A 

concise, but complete, summary of the basic principles of the magnetic field and its appli¬ 
cations, with particular reference to the kind of phenomena which occur in electrical ma¬ 
chines. Part I: General Theory—magnetic field of a current, electromagnetic field passing 
from air to iron, mechanical forces on linear conductors, etc. Part II: Application of theory 
to the solution of electromechanical problems—the magnetic field and mechanical forces 
in non-salient pole machinery, the field within slots and between salient poles, and the 
work of Rogowski, Roth, and Strutt. Formery titled “Electromagnetic Problems in Electrical 
Engineering." 2 appendices. Index. Bibliography in notes. 115 figures, xiv + 359pp. 5% x 8%. 

S246 Paperbound $2.25 


Mechanical engineering 

DESIGN AND USE OF INSTRUMENTS AND ACCURATE MECHANISM, T. N. Whitehead. For the 

instrument designer, engineer; how to combine necessary mathematical abstractions with 
independent observation of actual facts. Partial contents: instruments & their parts, theory 
of errors, systematic errors, probability, short period errors, erratic errors, design precision, 
kinematic, semikinematic design, stiffness, planning of an instrument, human factor, etc. 
Index. 85 photos, diagrams, xii + 288pp. 5% x 8. S270 Paperbound $2.00 

A TREATISE ON GYROSTATICS AND ROTATIONAL MOTION: THEORY AND APPLICATIONS, Andrew 

Gray. Most detailed, thorough book in English, generally considered definitive study. Many 
problems of all sorts in full detail, or step-by-step summary. Classical problems of Bour, 
Lottner, etc.; later ones of great physical interest. Vibrating systems of gyrostats, earth 
as a top, calculation of path of axis of a top by elliptic integrals, motion of unsymmetrical 

top, much more. Index. 160 illus. 550pp. 5% x 8. S589 Paperbound $2.75 


MECHANICS OF THE GYROSCOPE, THE DYNAMICS OF ROTATION, R. F. Deimel, Professor of 
Mechanical Engineering at Stevens Institute of Technology. Elementary general treatment 
of dynamics of rotation, with special application of gyroscopic phenomena. No knowledge 
of vectors needed. Velocity of a moving curve, acceleration to a point, general equations of 
motion, gyroscopic horizon, free gyro, motion of discs, the damped gyro, 103 similar 
topics. Exercises. 75 figures. 208pp. 5% x 8. S66 Paperbound $1.65 
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STRENGTH OF MATERIALS, I. P. Den Hartog. Distinguished text prepared for M.I.T. course, ideal 
as introduction, refresher, reference, or self-study text. Full clear treatment of elementary 
material (tension, torsion, bending, compound stresses, deflection of beams, etc.), plus much 
advanced material on engineering methods of great practical value: full treatment of the 
Mohr circle, lucid elementary discussions of the theory of the center of shear and the “Myoso- 
tis method of calculating beam deflections, reinforced concrete, plastic deformations, photo- 
elast'dty etc. In all sections, both general principles and concrete applications are given. 
Index. 186 figures (160 others in problem section). 350 problems, all with answers. List of 
formulas, viii -f 323pp. 5% x 8. S755 Paperbound $2.00 


PHOTOELASTICITY: PRINCIPLES AND METHODS, H. T. Jessop, F. C. Harris. For the engineer, 
for specific problems of stress analysis. Latest time-saving methods of checking calcula¬ 
tions in 2-dimensiona! design problems, new techniques for stresses in 3 dimensions, and 
lucid description of optical systems used in practical photoelasticity. Useful suggestions 
and hints based on on-the-job experience included. Partial contents: strained and stress- 
strain relations, circular disc under thrust along diameter, rectangular block with square 
nole under vertical thrust, simply supported rectangular beam under central concentrated 
load, etc. Theory held to minimum, no advanced mathematical training needed. Index. 164 
illustrations, vui + 184pp. 6y 8 x 9y 4 . S720 Paperbound $2.00 


APPLIED ELASTICITY, I. Prescott. Provides the engineer with the theory of elasticity usually 
lacking in books on strength of materials, yet concentrates on those portions useful for 
immediate application. Develops every important type of elasticity problem from theoretical 
principles. Covers analysis of stress, relations between stress and strain, the empirical basis 
of elasticity, thin rods under tension or thrust, Saint Venant’s theory, transverse oscillations 
of thin rods, stability of thin plates, cylinders with thin walls, vibrations of rotating disks, 
elastic bodies in contact, etc. “Excellent and important contribution to the subject, not 
merely in the old matter which he has presented in new and refreshing form, but also in the 
"l an , y original investigations here published for the first time,” NATURE. Index. 3 Appendixes. 
VI + 672pp. 5% x 8. S726 Paperbound $2.95 


APPLIED MECHANICS FOR ENGINEERS, Sir Charles Inglis, F.R.S. A representative survey of 
the many and varied engineering questions which can be answered by statics and dynamics. 
The author, one of first and foremost adherents of “structural dynamics,” presents distinc¬ 
tive illustrative examples and clear, concise statement of principles—directing the dis¬ 
cussion at methodology and specific problems. Covers fundamental principles of rigid-body 
statics, graphic solutions of static problems, theory of taut wires, stresses in frameworks, 
particle dynamics, kinematics, simple harmonic motion and harmonic analysis, two-dimen¬ 
sional rigid dynamics, etc. 437 illustrations, xii + 404pp. 5% x 8y 2 . S1119 Paperbound $2.00 


THEORY OF MACHINES THROUGH WORKED EXAMPLES, G. H. Ryder. Practical mechanical 
engineering textbook for graduates and advanced undergraduates, as well as a good refer¬ 
ence work for practicing engineers. Partial contents: Mechanisms, Velocity and Accelera¬ 
tion (including discussion of Klein’s Construction for Piston Acceleration), Cams, Geometry 
of Gears, Clutches and Bearings, Belt and Rope Drives, Brakes, Inertia Forces and Couples, 
General Dynamical Problems, Gyroscopes, Linear and Angular Vibrations, Torsional Vibrations, 
Transverse Vibrations and Whirling Speeds (Chapters on vibrations considerably enlarged 
from previous editions). Over 300 problems, many fully worked out. Index. 195 line illus¬ 
trations. Revised and enlarged edition, viii + 280pp. 5% —~ “ ' 


THE KINEMATICS OF MACHINERY: OUTLINES OF A THEORY OF MACHINES, Franz Reuleaux. 
The classic work in the kinematics of machinery. The present thinking about the subject 
has all been shaped in great measure by the fundamental principles stated here by Reuleaux 
almost 90 years ago. While some details have naturally been superseded, his basic viewpoint 
has endured; hence, the book is still an excellent text for basic courses in kinematics and 
a standard reference work for active workers in the field. Covers such topics as: the nature 
of the machine problem, phoronomic propositions, pairs of elements, incomplete kinematic 
chains, kinematic notation and analysis, analyses of chamber-crank trains, chamber-wheel 
trains, constructive elements of machinery, complete machines, etc., with main focus on 
controlled movement in mechanisms. Unabridged republication of original edition, translated 
by Alexander B. Kennedy. New introduction for this edition by E. S. Ferguson. Index 451 
illustrations, xxiv + 622pp. 5% x 8V2. S1124 Paperbound $3.00 


ANALYTICAL MECHANICS OF GEARS, Earle Buckingham. Provides a solid foundation upon 
which logical design practices and design data can be constructed. Originally arising out 
of investigations of the ASME Special Research Committee on Worm Gears and the Strength 
of Gears, the book covers conjugate gear-tooth action, the nature of the contact, and result¬ 
ing gear-tooth profiles of: spur, internal, helical, spiral, worm, bevel, and hypoid or skew 
bevel gears. Also: frictional heat of operation and its dissipation, friction losses, etc., 
dynamic loads in operation, and related matters. Familiarity with this book is still regarded 
as a necessary prerequisite to work in modern gear manufacturing. 263 figures. 103 tables. 
Index, x + 546pp. 5% x 8V2. S1073 Paperbound $2.75 
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Optical design, lighting 

THE SCIENTIFIC BASIS OF ILLUMINATING ENGINEERING, Parry Moon, Professor of Electrical 
Engineering, M.l.T. Basic, comprehensive study. Complete coverage of the fundamental 
theoretical principles together with the elements of design, vision, and color with which 
the lighting engineer must be familiar. Valuable as a text as well as a reference source 
to the practicing engineer. Partial contents: Spectroradiometric Curve, Luminous Flux, 
Radiation from Gaseous-Conduction Sources, Radiation from Incandescent Sources, Incandes¬ 
cent Lamps, Measurement of Light, Illumination from Point Sources and Surface Sources, 
Elements of Lighting Design. 7 Appendices. Unabridged and corrected republication, with 
additions. New preface containing conversion tables of radiometric and photometric con¬ 
cepts. Index. 707-item bibliography. 92-item bibliography of author’s articles. 183 problems, 
xxiii + 608pp. 5% x 8 V 2 . S242 Paperbound $2.85 

OPTICS AND OPTICAL INSTRUMENTS: AN INTRODUCTION WITH SPECIAL REFERENCE TO 
PRACTICAL APPLICATIONS, B. K. Johnson. An invaluable guide to basic practical applications 
of optical principles, which shows how to set up inexpensive working models of each of the 
four main types of optical instruments—telescopes, microscopes, photographic lenses, optical 
projecting systems. Explains in detail the most important experiments for determining their 
accuracy, resolving power, angular field of view, amounts of aberration, all other necessary 
facts about the instruments. Formerly “Practical Optics." Index. 234 diagrams. Appendix. 
224pp. 5% x 8. S642 Paperbound $1.85 

APPLIED OPTICS AND OPTICAL DESIGN, A. E. Conrady. With publication of vol. 2, standard 
work for designers in optics is now complete for first time. Only work of its kind in English; 
only detailed work for practical designer and self-taught. Requires, for bulk of work, no 
math above trig. Step-by-step exposition, from fundamental concepts of geometrical, physical 
optics, to systematic study, design, of almost all types of optical systems. Vol. 1: all ordi¬ 
nary ray-tracing methods; primary aberrations; necessary higher aberration for design of 
telescopes, low-power microscopes, photographic equipment. Vol. 2: (Completed from author’s 
notes by R. Kingslake, Dir. Optical Design, Eastman Kodak.) Special attention to high-power 
microscope, anastigmatic photographic objectives. “An indispensable work," J., Optical Soc. 
of Amer. “As a practical guide this book has no rival,” Transactions, Optical Soc. Index. 
Bibliography. 193 diagrams. 852pp. 6Vb x 9V*. Vol. 1 S366 Paperbound $2.95 

Vol. 2 S612 Paperbound $2.95 


Miscellaneous 


THE MEASUREMENT OF POWER SPECTRA FROM THE POINT OF VIEW OF COMMUNICATIONS 
ENGINEERING, R. B. Blackman, J. W. Tukey. This pathfinding work, reprinted from the “Bell 
System Technical Journal,” explains various ways of getting practically useful answers in 
the measurement of power spectra, using results from both transmission theory and the 
theory of statistical estimation. Treats: Autocovariance Functions and Power Spectra; Direct 
Analog Computation; Distortion, Noise, Heterodyne Filtering and Pre-whitening; Aliasing; 
Rejection Filtering and Separation; Smoothing and Decimation Procedures; Very Low Fre¬ 
quencies; Transversal Filtering; much more. An appendix reviews fundamental Fourier tech¬ 
niques. Index of notation. Glossary of terms. 24 figures. XII tables. Bibliography. General 
index. 192pp. 5% x 8. S507 Paperbound $1.85 


CALCULUS REFRESHER FOR TECHNICAL MEN, A. Albert Klaf. This book is unique in English 
as a refresher for engineers, technicians, students who either wish to brush up their 
calculus or to clear up uncertainties. It is not an ordinary text, but an examination of 
most important aspects of integral and differential calculus in terms of the 756 questions 
most likely to occur to the technical reader. The first part of this book covers simple differ¬ 
ential calculus, with constants, variables, functions, increments, derivatives, differentiation, 
logarithms, curvature of curves, and similar topics. The second part covers fundamental 
ideas of integration, inspection, substitution, transformation, reduction, areas and volumes, 
mean value, successive and partial integration, double and triple integration. Practical 
aspects are stressed rather than theoretical. A 50-page section illustrates the application 
of calculus to specific problems of civil and nautical engineering, electricity, stress and 
strain, elasticity, industrial engineering, and similar fields.—756 questions answered. 566 
problems, mostly answered. 36 pages of useful constants, formulae for ready reference. 
Index, v + 431pp. 5% x 8. T370 Paperbound $2.00 


METHODS IN EXTERIOR BALLISTICS, Forest Ray Moulton. Probably the best introduction to 
the mathematics of projectile motion. The ballistics theories propounded were coordinated 
with extensive proving ground and wind tunnel experiments conducted by the author and 
others for the U.S. Army. Broad in scope and clear in exposition, it gives the beginnings 
of the theory used for modern-day projectile, long-range missile, and satellite motion. Six 
main divisions: Differential Equations of Translatory Motion of a projectile; Gravity and the 
Resistance Function; Numerical Solution of Differential Equations; Theory of Differential 
Variations; Validity of Method of Numerical Integration; and Motion of a Rotating Projectile. 
Formerly titled: “New Methods in Exterior Ballistics.” Index. 38 diagrams, viii + 259pp. 
5% x 8 V 2 . S232 Paperbound $1.75 
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LOUD SPEAKERS: THEORY, PERFORMANCE, TESTING AND DESIGN, N. W. McLachlan. Most com¬ 
prehensive coverage of theory, practice of loud speaker design, testing; classic reference 
study manual in field. First 12 chapters deal with theory, for readers mainly concerned with 
math, aspects; last 7 chapters will interest reader concerned with testing, design. Partial 
contents: principles of sound propagation, fluid pressure on vibrators, theory of moving- 
coil principle, transients, driving mechanisms, response curves, design of horn type moving 
coil speakers, electrostatic speakers, much more. Appendix. Bibliography. Index. 165 illustra¬ 
tions, charts. 411pp. 5% x 8. S588 Paperbound $2.25 

MICROWAVE TRANSMISSION, I. C. Slater. First text dealing exclusively with microwaves, 
brings together points of view of field, circuit theory, for graduate student in physics, 
electrical engineering, microwave technician. Offers valuable point of view not in most 
later studies. Uses Maxwell’s equations to study electromagnetic field, important in this 
area. Partial contents: infinite line with distributed parameters, impedance of terminated 
line, plane waves, reflections, wave guides, coaxial line, composite transmission lines, 
impedance matching, etc. Introduction. Index. 76 illus. 319pp. 5% x 8. 

S564 Paperbound $1.50 


MICROWAVE TRANSMISSION DESIGN DATA, T. Moreno. Originally classified, now rewritten 
and enlarged (14 new chapters) for public release under auspices of Sperry Corp. Material 
of immediate value or reference use to radio engineers, systems designers, applied physicists, 
etc. Ordinary transmission line theory; attenuation; capacity; parameters of coaxial lines* 
higher modes; flexible cables; obstacles, discontinuities, and injunctions; tunable wave 
guide impedance transformers; effects of temperature and humidity; much more. "Enough 
theoretical discussion is included to allow use of data without previous background" 
Electronics. 324 circuit diagrams, figures, etc. Tables of dielectrics, flexible cable, etc., 
data. Index, ix + 248pp. 5% x 8. S459 Paperbound $1.6^ 


RAYLEIGH’S PRINCIPLE AND ITS APPLICATIONS TO ENGINEERING, G. Temple & W. Bickley. 

Rayleigh's principle developed to provide upper and lower estimates of true value of funda¬ 
mental period of a vibrating system, or condition of stability of elastic systems. Illustrative 
examples; rigorous proofs in special chapters. Partial contents: Energy method of discussing 
vibrations, stability. Perturbation theory, whirling of uniform shafts. Criteria of elastic sta¬ 
bility. Application of energy method. Vibrating systems. Proof, accuracy, successive approxi¬ 
mations, application of Rayleigh’s principle. Synthetrfc theorems. Numerical, graphical methods. 
Equilibrium configurations, Ritz’s method. Bibliography. Index. 22 figures, ix + 156pp. 5% x 8. 

S307 Paperbound $1.50 


ELASTICITY, PLASTICITY AND STRUCTURE OF MATTER, R. Houwink. Standard treatise on 
rheological aspects of different technically important solids such as crystals, resins, textiles, 
rubber, clay, many others. Investigates general laws for deformations; determines divergences 
from these laws for certain substances. Covers general physical and mathematical aspects 
of plasticity, elasticity, viscosity. Detailed examination of deformations, internal structure 
of matter in relation to elastic and plastic behavior, formation of solid matter from a fluid, 
conditions for elastic and plastic behavior of matter. Treats glass, asphait, gutta percha, 
balata, proteins, baker’s dough, lacquers, sulphur, others. 2nd revised, enlarged edition. 
Extensive revised bibliography in over 500 footnotes. Index. Table of symbols. 214 figures, 
xviii + 368pp. 6 x 9 Va. S385 Paperbound $2.45 


THE SCHWARZ-CHRISTOFFEL TRANSFORMATION ANO ITS APPLICATIONS: A SIMPLE EXPOSITION, 
Miles Walker. An important book for engineers showing how this valuable tool can be em¬ 
ployed in practical situations. Very careful, clear presentation covering numerous concrete 
engineering problems. Includes a thorough account of conjugate functions for engineers— 
useful for the beginner and for review. Applications to such problems as: Stream-lines round 
a corner, electric conductor in air-gap, dynamo slots, magnetized poles, much more. Formerly 
"Conjugate Functions for Engineers.” Preface. 92 figures, several tables. Index, ix + 116pp. 
5% x SI 149 Paperbound $1.25 


THE LAWS OF THOUGHT, George Boole. This book founded symbolic logic some hundred years 
ago. It is. the 1st significant attempt to apply logic to all aspects of human endeavour. 
Partial contents: derivation of laws, signs 8i laws, interpretations, eliminations, conditions 
of a perfect method, analysis, Aristotelian logic, probability, and similar topics, xviii + 
424pp. 5% X 8 . S28 Paperbound $2.00 


SCIENCE AND METHOD, Henri Poincare. Procedure of scientific discovery, methodology experi¬ 
ment, idea-germination—the intellectual processes by which discoveries come into being. 
Most significant and most interesting aspects of development, application of ideas. Chapters 
cover selection of facts, chance, mathematical reasoning, mathematics, and logic; Whitehead. 
Russell, Cantor; the new mechanics, etc. 288pp. 5% x 8. S222 Paperbound $1 35 


FAMOUS BRIDGES OF THE WORLD, D. B. Stein man. An up-to-the-minute revised edition of a 
book that explains the fascinating drama of how the world’s great bridges came to be built. 
The author, designer of the famed Mackinac bridge, discusses bridges from all periods and 

all parts of the world, explaining their various types of construction, and describing the 

problems their builders faced. Although primarily for youngsters, this cannot fail to interest 

readers of all ages. 48 illustrations in the text. 23 photographs. 99pp. 6Vs x 9V4. 

T161 Paperbound $1.00 
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PHILOSOPHY OF SCIENCE AND MATHEMATICS 


FOUNDATIONS OF SCIENCE: THE PHILOSOPHY OF THEORY AND EXPERIMENT, N. R. Campbell. 

A critique of the most fundamental concepts of science in general and physics in particular. 
Examines why certain propositions are accepted without question, demarcates science from 
philosophy, clarifies the understanding of the tools of science. Part One analyzes the pre¬ 
suppositions of scientific thought: existence of the material world, nature of scientific 
laws, multiplication of probabilities, etc.: Part Two covers the nature of experiment and the 
application of mathematics: conditions for measurement, relations between numerical laws 
and theories, laws of error, etc. An appendix covers problems arising from relativity, force, 
motion, space, and time. A classic in its field. Index, xiii + 565pp. 5% x 8%. 

S372 Paperbound $2.95 


THE NATURE OF PHYSICAL THEORY, P. W. Bridgman. Here is how modern physics looks to a 
highly unorthodox physicist—a Nobel laureate. Pointing out many absurdities of science, and 
demonstrating the inadequacies of various physical theories, Dr. Bridgman weighs and ana¬ 
lyzes the contributions of Einstein, Bohr, Newton, Heisenberg, and many others. This is a 
non-technical consideration of the correlation of science and reality. Index, xi + 138pp. 
5% x 8. S33 Paperbound $1.25 


THE VALUE OF SCIENCE, Henri Poincare. Many of the most mature ideas of the "last scientific 
universalist” covered with charm and vigor for both the beginning student and the advanced 
worker. Discusses the nature of scientific truth, whether order is innate in the universe 
or imposed upon it by man, logical thought versus intuition (relating to math, through the 
works of Weierstrass, Lie, Klein, Riemann), time and space (relativity, psychological time, 
simultaneity), Hertz’s concept of force, interrelationship of mathematical physics to pure 
math, values within disciplines of Maxwell, Carnot, Mayer, Newton, Lorentz, etc. Index, 
ill + 147pp. 5% x 8. S469 Paperbound $1.35 

SCIENCE AND HYPOTHESIS, Henri Poincare. Creative psychology in science. How such con¬ 
cepts as number, magnitude, space, force, classical mechanics were developed, and how the 
modern scientist uses them in his thought. Hypothesis in physics, theories of modern 
physics. Introduction by Sir James Larmor. “Few mathematicians have had the breadth of 
vision of Poincard, and none is his superior in the gift of clear exposition,” E. T. Bell. 
Index. 272pp. 5% x 8. S221 Paperbound $1.35 

PHILOSOPHY AND THE PHYSICISTS, L. S. Stebbing. The philosophical aspects of modern 
science examined in terms of a lively critical attack on the ideas of Jeans and Eddington. 
Discusses the task of science, causality, determinism, probability, consciousness, the relation 
of the world of physics to that of everyday experience. Probes the philosophical significance 
of the Planck-Bohr concept of discontinuous energy levels, the inferences to be drawn from 
Heisenberg’s Uncertainty Principle, the implications of “becoming” involved in the 2nd law 
of thermodynamics, and other problems posed by the discarding of Laplacean determinism. 
285pp. 5% x 8. T480 Paperbound $1.65 


THE PHILOSOPHICAL WRITINGS OF PEIRCE, edited by Justus Buchler. (Formerly published as 
THE PHILOSOPHY OF PEIRCE.) This is a carefully balanced exposition of Peirce’s complete 
system, written by Peirce himself. It covers such matters as scientific method, pure chance 
vs. law, symbolic logic, theory of signs, pragmatism, experiment, and other topics. Intro¬ 
duction by Justus Buchler, Columbia University, xvi + 368pp. 5% x 8. 

T217 Paperbound $2.00 


LANGUAGE, TRUTH AND LOGIC, A. Ayer. A clear introduction to the Vienna and Cambridge 
schools of Logical Positivism. It sets up specific tests by which you can evaluate validity of 
ideas, etc. Contents: Function of philosophy, elimination of metaphysics, nature of analysis, 
a priori, truth and probability, etc. 10th printing. “I should like to have written it myself,” 
Bertrand Russell. Index. 160pp. 5% x 8. T10 Paperbound $1.25 

MATHEMATICS AND SCIENCE: LAST ESSAYS (DERNIERES PENSEES), Henri Poincare. Translated 
by I. W. Bolduc. A posthumous volume of articles and lectures by the great French mathe¬ 
matician, philosopher, scientist. Here are nine pieces, never before translated into English, 
on such subjects as The Evolution of Laws, Space and Time, Space and 3 Dimensions, The 
Logic of infinity in Mathematics (discussing Russell’s theory of types), Mathematics and Logic, 
The Quantum Theory and its Modern Applications, Relationship Between Matter and Ether, 
Ethics and Science and The Moral Alliance. First English translation of DerniOres Pensfees. 
New index, viii + 128pp. 5% x 8 V 2 . S1101 Paperbound $1.25 

THE PSYCHOLOGY OF INVENTION IN THE MATHEMATICAL FIELD, I. Hadamard. Where do ideas 
come from? What role does the unconscious play? Are ideas best developed by mathematical 
reasoning, word reasoning, visualization? What are the methods used by Einstein, Poincare, 
Galton, Riemann? How can these techniques be applied by others? Hadamard, one of the 
world’s leading mathematicians, discusses these and other questions, xiii + 145pp. 5% x 8. 

T107 Paperbound $1.25 
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EXPERIMENT AND THEORY IN PHYSICS, Max Born. A Nobel laureate examines the nature and 
vajue of the counterclaims of experiment and theory in physics. Synthetic versus analytical 
scientific advances are analyzed in the work of Einstein, Bohr, Heisenberg, Planck, Eddington, 
Milne, and others by a fellow participant. 44pp. 5% x 8. S308 Paperbound 75$ 


THE PHILOSOPHY OF SPACE AND TIME, H. Reichenbach. An important landmark in the develop¬ 
ment of the empiricist conception of geometry, covering the problem of the foundations of 
geometry, the theory of time, the consequences of Einstein’s relativity, including: relations 
between theory and observations; coordinate and metrical properties of space; the psycholog¬ 
ical problem of visual intuition of non-Euclidean structures; and many other important topics 
in modern science and philosophy. The majority of ideas require only a knowledge of inter¬ 
mediate math. Introduction by R. Carnap. 49 figures. Index, xviii + 296pp. 5% x 8. 

S443 Paperbound $2.00 


OBSERVATION AND INTERPRETATION IN THE PHILOSOPHY OF PHYSICS: WITH SPECIAL REFER¬ 
ENCE TO QUANTUM MECHANICS, Edited by S. Korner. A collection of papers by philosophers 
and physicists arising out of a symposium held at Bristol, England in 1957 under the auspices 
of the Colston Research Society. One of the most important contributions to the philosophy 
of science in recent years. The discussions center around the adequacy or inadequacy of 
quantum mechanics in its orthodox formulations. Among the contributors are A. J. Ayer, 
D. Bohm, K. Popper, F. Bopp, S. Korner, J. P. Vigier, M. Polanyi, P. K. Feyerabend, W. C. 
Kneaie. W. B. Gallie, G. Ryle, Sir Charles Darwin, and R. B. Braithwaite. xiv + 218pp. 
5% x 8 V 2 . S131 Paperbound $1.60 


SPACE and TIME IN CONTEMPORARY PHYSICS: AN INTRODUCTION TO THE THEORY DF RELA¬ 
TIVITY AND GRAVITATION, Moritz Schlick. Exposition of the theory of relativity by the 
leader of the famed “Vienna Circle.” Its essential purpose is to describe the physical 
doctrines of special and general relativity with particular reference to their philosophical 
significance. Explanations of such topics as the geometrical relativity of space, the con- 
nection with inertia and gravitation, the measure-determination of the space-time continuum, 
the finite universe, etc., with their philosophical ramifications. Index, xii + 89pp. 5% x 8 V 2 . 

T1008 Paperbound $1.00 


SUBSTANCE AND FUNCTION, & EINSTEIN’S THEORY OF RELATIVITY, Ernst Cassirer. Two books 
bound as one. Cassirer establishes a philosophy of the exact sciences that takes into con¬ 
sideration newer developments in mathematics, and also shows historical connections. Partial 
contents: Aristotelian logic, Mill’s analysis, Helmholtz & Kronecker, Russell & cardinal num- 
bers. Euclidean vs. non-Euclidean geometry, Einstein’s relativity. Bibliography. Index, xxi + 
465pp. 5% x 8. T50 Paperbound $2.25 


PRINCIPLES OF MECHANICS, Heinrich Hertz. This last work by the great 19th century 
physicist is not only a classic, but of great interest in the logic of science. Creating a new 
system of mechanics based upon space, time, and mass, it returns to axiomatic analysis, 
to understanding of the formal or structural aspects of science, taking into account logic, 
observation, and a priori elements. Of great historical importance to Poincard, Carnap, Ein¬ 
stein, Milne. A 20-page introduction by R. S. Cohen, Wesleyan University, analyzes the impli¬ 
cations of Hertz’s thought and the logic of science. Bibliography. 13-page introduction by 
Helmholtz, xlii + 274pp. 5% x 8. S316 Clothbound $3.50 

S317 Paperbound $1.85 


THE ANALYSIS OF MATTER, Bertrand Russell. How do our senses concord with the new 
physics? This volume covers such topics as logical analysis of physics, prerelativity physics, 
causality, scientific inference, physics and perception, special and general relativity, Weyl’s 
theory, tensors, invariants and their physical interpretation, periodicity and qualitative series. 
"The most thorough treatment of the subject that has yet been published,” THE NATION. 
Introduction by L. E. Denonn. 422pp. 5% x 8. T231 Paperbound $1.95 


FOUNDATIONS OF GEOMETRY, Bertrand Russell. Analyzing basic problems in the overlap area 
between mathematics and philosophy, Nobel laureate Russell examines the nature of geo¬ 
metrical knowledge, the nature of geometry, and the application of geometry to space. 
It covers the history of non-Euclidean geometry, philosophic interpretations of geometry— 
especially Kant—projective and metrical geometry. This is most interesting as the solution 
offered in 1897 by a great mind to a problem still current. New introduction by Prof. Morris 
Kline of N. Y. University, xii + 201pp. 5% x 8. S232 Clothbound $3.25 

S233 Paperbound $1.75 


IDENTITY AND REALITY, Emile Meyerson. Called by Einstein a “brilliant study in the theory 
of knowledge, this book by the renowned Franco-German thinker is a major treatise in 
the philosophy of science and epistemology. Thorough, critical inquiries into causality scien¬ 
tific laws, conservation of matter and energy, the unity of matter, Carnot’s principle, the 
irrational, the elimination of time. Searches out the solutions of epistemological questions 
that form the bases of the scientific method. Authorized translation by Kate Loewenberg. 
Authors prefaces. Editor’s preface. Appendices. Index. 495pp. 5% x 8V2. 

T65 Paperbound $2.25 


ESSAYS IN EXPERIMENTAL LOGIC, John Dewey. This stimulating series of essays touches upon 
the relationship between inquiry and experience, dependence of knowledge upon thought, 
character of logic; judgments of practice, data and meanings, stimuli of thought, etc. Index, 
viii + 444pp. 5% x 8. T73 Paperbound $1.95 
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MATHEMATICS-INTERMEDIATE TO ADVANCED 


General 


INTRODUCTION TO APPLIED MATHEMATICS, Francis D. Murnaghan. A practical and thoroughly 
sound introduction to a number of advanced branches of higher mathematics. Among the 
selected topics covered in detail are: vector and matrix analysis, partial and differential 
equations, integral equations, calculus of variations, Laplace transform theory, the vector 
triple product, linear vector functions, quadratic and bilinear forms, Fourier series, spherical 
harmonics, Bessel functions, the Heaviside expansion formula, and many others. Extremely 
useful book for graduate students in physics, engineering, chemistry, and mathematics. 
Index. Ill study exercises with answers. 41 illustrations, ix + 389pp. 5% x 8V2. 

S1042 Paperbound $2.00 

OPERATIONAL METHODS IN APPLIED MATHEMATICS, H. S. Carslaw and I. C. Jaeger. Explana¬ 
tion of the application of the Laplace Transformation to differential equations, a simple and 
effective substitute for more difficult and obscure operational methods. Of great practical 
value to engineers and to all workers in applied mathematics. Chapters on: Ordinary Linear 
Differential Equations with Constant Coefficients;; Electric Circuit Theory; Dynamical Appli¬ 
cations; The Inversion Theorem for the Laplace Transformation; Conduction of Heat; Vibra¬ 
tions of Continuous Mechanical Systems; Hydrodynamics; Impulsive Functions-, Chains of 
Differential Equations; and other related matters. 3 appendices. 153 problems, many with 
answers. 22 figures, xvi + 359pp. 5% x 8V2. S1011 Paperbound $2.25 

APPLIEO MATHEMATICS FOR RADIO AND COMMUNICATIONS ENGINEERS, C. E. Smith. No 

extraneous material here!—only the theories, equations, and operations essential and im¬ 
mediately useful for radio work. Can be used as refresher, as handbook of applications and 
tables, or as full home-study course. Ranges from simplest arithmetic through calculus, series, 
and wave forms, hyperbolic trigonometry, simultaneous equations in mesh circuits, etc. 
Supplies applications right along with each math topic discussed. 22 useful tables of func¬ 
tions, formulas, logs, etc. Index. 166 exercises, 140 examples, all with answers. 95 diagrams. 
Bibliography, x -I- 336pp. 5% x 8. S141 Paperbound $1.75 


Algebra, group theory, determinants, sets, matrix theory 

ALGEBRAS AND THEIR ARITHMETICS, L. E. Dickson. Provides the foundation and background 
necessary to any advanced undergraduate or graduate student studying abstract algebra. 
Begins with elementary introduction to linear transformations, matrices, field of complex 
numbers; proceeds to order, basal units, modulus, quaternions, etc.; develops calculus of 
linears sets, describes various examples of algebras including invariant, difference, nilpotent, 
semi-simple. “Makes the reader marvel at his genius for clear and profound analysis,” Amer. 
Mathematical Monthly. Index, xii + 241pp. 5% x 8. S616 Paperbound $1.50 

THE THEORY OF EQUATIONS WITH AN INTRODUCTION TO THE THEORY OF BINARY ALGEBRAIC 
FORMS, W. S. Burnside and A. W. Panton. Extremely thorough and concrete discussion of the 
theory of equations, with extensive detailed treatment of many topics curtailed in later texts. 
Covers theory of algebraic equations, properties of polynomials, symmetric functions, derived 
functions, Horner’s process, complex numbers and the complex variable, determinants and 
methods of elimination, invariant theory (nearly 100 pages), transformations, introduction to 
Galois theory, Abelian equations, and much more. Invaluable supplementary work for modern 
students and teachers. 759 examples and exercises. Index in each volume. Two volume set. 
Total of xxiv + 604pp. 5% x 8. S714 Vol I Paperbound $1.85 

S715 Vol II Paperbound $1.85 
The set $3.70 

COMPUTATIONAL METHODS OF LINEAR ALGEBRA, V. N. Faddeeva, translated by C. 0. Benster. 
First English translation of a unique and valuable work, the only work in English present¬ 
ing a systematic exposition of the most important methods of linear algebra—classical 
and contemporary. Shows in detail how to derive numerical solutions of problems in mathe¬ 
matical physics which are frequently connected with those of linear algebra. Theory as well 
as individual practice. Part I surveys the mathematical background that is indispensable 
to what follows. Parts II and III, the conclusion, set forth the most important methods 
of solution, for both exact and iterative groups. One of the most outstanding and valuable 
features of this work is the 23 tables, double and triple checked for accuracy. These tables 
will not be found elsewhere. Author’s preface. Translator’s note. New bibliography and 
index, x + 252pp. 5% x 8. S424 Paperbound $1.95 

ALGEBRAIC EQUATIONS, E. Dehn. Careful and complete presentation of Galois’ theory of alge¬ 
braic equations; theories of Lagrange and Galois developed in logical rather than historical 
form, with a more thorough exposition than in most modern books. Many concrete applica¬ 
tions and fully-worked-out examples. Discusses basic theory (very clear exposition of the 
symmetric group); isomorphic, transitive, and Abelian groups; applications of Lagrange's and 
Galois’ theories; and much more. Newly revised by the author. Index. List of Theorems, 
xi + 208pp. 5% x 8. S697 Paperbound $1.45 
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ALGEBRAIC THEORIES, L. E. Dickson. Best thorough introduction to classical topics in higher 
algebra develops theories centering around matrices, invariants, groups. Higher algebra, 
Galois theory, finite linear groups, Klein’s icosahedron, algebraic invariants, linear trans¬ 
formations, elementary divisors, invariant factors; quadratic, bi-linear, Hermitian forms, 
singly and in pairs. Proofs rigorous, detailed; topics developed lucidly, in close connection 
with their most frequent mathematical applications. Formerly “Modern Algebraic Theories.’’ 
155 problems. Bibliography. 2 indexes. 285pp. 5 3 /s x 8 . S547 Paperbound $1.50 

LECTURES ON THE ICOSAHEDRON AND THE SOLUTION OF EQUATIONS OF THE FIFTH DEGREE, 
Felix Klein. The solution of quintics in terms of rotation of a regular icosahedron around its 
axes of symmetry. A classic & indispensable source for those interested in higher algebra, 
geometry, crystallography. Considerable explanatory material included. 230 footnotes, mostly 
bibliographic. 2nd edition, xvi + 289pp. 5 3 /s x 8 . S314 Paperbound $1.85 

LINEAR GROUPS, WITH AN EXPOSITION OF THE GALOIS FIELD THEORY, L. E. Dickson. The 

classic exposition of the theory of groups, well within the range of the graduate student. 
Part I contains the most extensive and thorough presentation of the theory of Galois Fields 
available, with a wealth of examples and theorems. Part II is a full discussion of linear 
groups of finite order. Much material in this work is based on Dickson’s own contributions. 
Also includes expositions of Jordan, Lie, Abel, Betti-Mathieu, Hermite, etc. “A milestone 
in the development of modern algebra,’’ W. Magnus, in his historical introduction to this 
edition. Index, xv + 312pp. 5 3 /s x 8 . S482 Paperbound $1.95 

INTRODUCTION TO THE THEORY OF GROUPS OF FINITE ORDER, R. Carmichael. Examines funda¬ 
mental theorems and their application. Beginning with sets, systems, permutations, etc., it 
progresses in easy stages through important types of groups: Abelian, prime power, per¬ 
mutation, etc. Except 1 chapter where matrices are desirable, no higher math needed. 783 
exercises, problems. Index, xvi + 447pp. 5 3 /s x 8 . S300 Paperbound $2.25 


THEORY OF GROUPS OF FINITE ORDER, W. Burnside. First published some 40 years ago, 
this is still one of the clearest introductory texts. Partial contents: permutations, groups 
independent of representation, composition series of a group, isomorphism of a group with 
itself. Abelian groups, prime power groups, permutation groups, invariants of groups of linear 
substitution, graphical representation, etc. 45pp. of notes. Indexes, xxiv + 512pp. 5% x 8 . 

S38 Paperbound $2.45 

CONTINUOUS GROUPS OF TRANSFORMATIONS, L. P. Eisenhart. Intensive study of the theory and 
geometrical applications of continuous groups of transformations; a standard work on the 
subject, called forth by the revolution in physics in the 1920’s. Covers tensor analysis, 
Riemannian geometry, canonical parameters, transitivity, imprimitivity, differential invariants, 
the algebra of constants of structure, differential geometry, contact transformations, etc. 
“Likely to remain one of the standard works on the subject for many years . . . principal 
theorems are proved clearly and concisely, and the arrangement of the whole is coherent,” 
MATHEMATICAL GAZETTE. Index. 72-item bibliography. 185 exercises, ix + 301pp. 5 3 /s x 8 . 

S781 Paperbound $1.85 

THE THEORY OF GROUPS AND QUANTUM MECHANICS, H. Weyl. Discussions of Schroedinger’s 
wave equation, de Broglie's waves of a particle, Jordan-Hoelder theorem, Lie’s continuous 
groups of transformations, Pauli exclusion principle, quantization of Maxwell-Dirac field 
equations, etc. Unitary geometry, quantum theory, groups, application of groups to quantum 
mechanics, symmetry permutation group, algebra of symmetric transformation, etc. 2 nd 
revised edition. Bibliography. Index, xxii + 422pp. 5 3 /s x 8 . $269 Paperbound $2.25 

APPLIED GROUP-THEORETIC AND MATRIX METHODS, Bryan Higman. The first systematic 
treatment of group and matrix theory for the physical scientist. Contains a comprehensive, 
easily-followed exposition of the basic ideas of group theory (realized through matrices) and 
its applications in the various areas of physics and chem.stry: tensor analysis, relativity, 
quantum theory, molecular structure and spectra, and Eddington’s quantum relativity. 
Includes rigorous proofs available only in works of a far more advanced character. 34 
figures, numerous tables. Bibliography. Index, xiii + 454pp. 5 3 /s x 8 3 /s. 

SI 147 Paperbound $2.50 

THE THEORY OF GROUP REPRESENTATIONS, Francis 0. Murnaghan. A comprehensive intro¬ 
duction to the theory of group representations. Particular attention is devoted to those 
groups—mainly the symmetric and rotation groups—which have proved to be of funda¬ 
mental significance for quantum mechanics (esp. nuclear physics). Also a valuable contribu¬ 
tion to the literature on matrices, since the usual representations of groups are groups of 
matrices. Covers the theory of group integration (as developed by Schur and Weyl), the 
theory of 2 -valued or spin representations, the representations of the symmetric group, the 
crystallographic groups, the Lorentz group, reducibility (Schur’s lemma, Burnside’s Theorem, 
etc.), the alternating group, linear groups, the orthogonal group, etc. Index. List of refer¬ 
ences. xi + 369pp. 5% x 8 V 2 . S1112 Paperbound $2.35 

THEORY OF SETS, E. Kamke. Clearest, amplest introduction in English, well suited for inde¬ 
pendent study. Subdivision of main theory, such as theory of sets of points, are discussed, 
but emphasis is on general theory. Partial contents: rudiments of set theory, arbitrary sets 
and their cardinal numbers, ordered sets and their order types, well-ordered sets and their 
cardinal numbers. Bibliography. Key to symbols. Index, vii + 144pp. 5% x 8 . 

S141 Paperbound $1.35 
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THEORY AND APPLICATIONS OF FINITE GROUPS, G. A. Miller, H. F. Bllchfeldt, L. E. Dickson. 
Unusually accurate and authoritative work, each section prepared by a leading specialist: 
Miller on substitution and abstract groups, Blichfeldt on finite groups of linear homogeneous 
transformations, Dickson on applications of finite groups. Unlike more modern works, this gives 
the concrete basis from which abstract group theory arose. Includes Abelian groups, prime- 
power groups, isomorphisms, matrix forms of linear transformations, Sylow groups, Galois’ 
theory of algebraic equations, duplication of a cube, trisection of an angle, etc. 2 Indexes. 
267 problems, xvii + 390pp. 5% x 8. S216 Paperbound $2.00 

THE THEORY OF DETERMINANTS, MATRICES, AND INVARIANTS, H. W. Tnmbull. Important 
study includes all salient .features and major theories. 7 chapters on determinants and 
matrices cover fundamental properties, Laplace identities, multiplication, linear equations, 
rank and differentiation, etc. Sections on invariants gives general properties, symbolic and 
direct methods of reduction, binary and polar forms, general linear transformation, first 
fundamental theorem, multilinear forms. Following chapters study development and proof 
of Hilbert’s Basis Theorem, Gordan-Hilbert Finiteness Theorem, Clebsch’s Theorem, and 
include discussions of apolarity, canonical forms, geometrical interpretations of algebraic 
forms, complete system of the general quadric, etc. New preface and appendix. Bibliography, 
xviii + 374pp. 5% x 8. S699 Paperbound $2.25 

AN INTRODUCTION TO THE THEORY OF CANONICAL MATRICES, H. W. Turnbull and A. C. Aitken. 

All principal aspects of the theory of canonical matrices, from definitions and fundamental 
properties of matrices to the practical applications of their reduction to canonical form. 
Beginning with matrix multiplications, reciprocals, and partitioned matrices, the authors go 
on to elementary transformations and bilinear and quadratic forms. Also covers such topics 
as a rational canonical form for the collineatory group, congruent and conjunctive transfor¬ 
mation for quadratic and hermitian forms, unitary and orthogonal transformations, canonical 
reduction of pencils of matrices, etc. Index. Appendix. Historical notes at chapter ends. 
Bibliographies. 275 problems, xiv + 200pp. 5% x 8. S177 Paperbound $1.55 

A TREATISE ON THE THEORY OF DETERMINANTS, T. Muir. Unequalled as an exhaustive compila¬ 
tion of nearly all the known facts about determinants up to the early 1930’s. Covers notation 
and general properties, row and column transformation, symmetry, compound determinants, 
adjugates, rectangular arrays and matrices, linear dependence, gradients, Jacobians, Hessians, 
Wronskians, and much more. Invaluable for libraries of industrial and research organizations 
as well as for student, teacher, and mathematician; very useful in the field of computing 
machines. Revised and enlarged by W. H. Metzler. Index. 485 problems and scores of numeri¬ 
cal examples, iv + 766pp. 5% x 8. S670 Paperbound $3.00 


THEORY OF DETERMINANTS IN THE HISTORICAL ORDER OF DEVELOPMENT, Sir Thomas Muir. 

Unabridged reprinting of this complete study of 1,859 papers on determinant theory written 
between 1693 and 1900. Most important and original sections reproduced, valuable com¬ 
mentary on each. No other work is necessary for determinant research: all types are covered— 
each subdivision of the theory treated separately; all papers dealing with each type are 
covered; you are told exactly what each paper is about and how important its contribution is. 
Each result, theory, extension, or modification is assigned its own identifying numeral so that 
the full history may be more easily followed. Includes papers on determinants in general, 
determinants and linear equations, symmetric determinants, alternants, recurrents, determi¬ 
nants having invariant factors, and all other major types. “A model of what such histories 
ought to be,” NATURE. “Mathematicians must ever be grateful to. Sir Thomas for his monu¬ 
mental work,” AMERICAN MATH MONTHLY. Four volumes bound as two. Indices. Bibliog¬ 
raphies. Total of Ixxxiv + 1977pp. 5% x 8. S672-3 The set, Clothbound $12.50 


Calculus and function theory, Fourier theory, infinite series, calculus of 
variations, real and complex functions 

FIVE VOLUME “THEORY OF FUNCTIONS’ SET BY KONRAD KNOPP 

This five-volume set, prepared by Konrad Knopp, provides a complete and readily followed 
account of theory of functions. Proofs are given concisely, yet without sacrifice of complete¬ 
ness or rigor. These volumes are used as texts by such universities as M.I.T., University of 
Chicago, N. Y. City College, and many others. “Excellent introduction . . . remarkably 
readable, concise, clear, rigorous," JOURNAL OF THE AMERICAN STATISTICAL ASSOCIATION. 

ELEMENTS OF THE THEORY OF FUNCTIONS, Konrad Knopp. This book provides the student 
with background for further volumes in this set, or texts on a similar level. Partial contents: 
foundations, system of complex numbers and the Gaussian plane of numbers, Riemann 
sphere of numbers, mapping by linear functions, normal forms, the logarithm, the cyclometric 
functions and binomial series. “Not only for the young student, but also for the student 
who knows all about what is in it,” MATHEMATICAL JOURNAL. Bibliography. Index. 140pp. 
5% x 8. S154 Paperbound $1.35 

THEORY OF FUNCTIONS, PART I, Konrad Knopp. With volume II, this book provides coverage 
of basic concepts and theorems. Partial contents: numbers and points, functions of a com¬ 
plex variable, integral of a continuous function, Cauchy’s integral theorem, Cauchy’s integral 
formulae, series with variable terms, expansion of analytic functions in power series, analytic 
continuation and complete definition of analytic functions, entire transcendental functions, 
Laurent expansion, types of singularities. Bibliography. Index, vii + 146pp. 5% x 8. 

S156 Paperbound $1.35 
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THEORY OF FUNCTIONS, PART II, Konrad Knopp. Application and further development of 
general theory, special topics. Single valued functions, entire, Weierstrass, Meromorphic 
functions. Riemann surfaces. Algebraic functions. Analytical configuration, Riemann surface. 
Bibliography. Index, x + 150pp. 5% x 8. S157 Paperbound $1.35 

PROBLEM BOOK IN THE THEORY OF FUNCTIONS, VOLUME 1, Konrad Knopp. Problems in ele¬ 
mental^ theory, for use with Knopp’s THEORY OF FUNCTIONS, or any other text, arranged 
according to increasing difficulty. Fundamental concepts, sequences of numbers and infinite 
s enes, complex variable, integral theorems, development in series, conformal mapping. 182 
problems. Answers, vm + 126pp. 53/a x 8. S158 Paperbound $1.35 

PROBLEM BOOK IN THE THEORY OF FUNCTIONS, VOLUME 2, Konrad Knopp. Advanced theory 
of functions, to be used either with Knopp’s THEORY OF FUNCTIONS, or any other com¬ 
parable text. Singularities, entire & meromorphic functions, periodic, analytic, continuation, 
multiple-valued functions, Riemann surfaces, conformal mapping. Includes a section of addi¬ 
tional elementary problems. “The difficult task of selecting from the immense material of the 
modern theory of functions the problems just within the reach of the beginner is here 
masterfully accomplished,” AM. MATH. SOC. Answers. 138pp. 5% x 8. S159 Paperbound $1.35 

A COURSE IN MATHEMATICAL ANALYSIS, Edouard Goursat. Trans, by E. R. Hedrick, 0. Dunkel. 
Classic study of fundamental material thoroughly treated. Exceptionally lucid exposition of 
wide range of subject matter for student with l year of calculus. Vol. 1: Derivatives and 
Differentials, Definite Integrals, Expansion in Series, Applications to Geometry. Problems. 
Index. 52 illus. 556pp. Vol. 2, Part I: Functions of a Complex Variable, Conformal Repre¬ 
sentations, Doubly Periodic Functions, Natural Boundaries, etc. Problems. Index. 38 illus. 
269pp. Vol. 2, Part 2: Differential Equations, Cauchy-Lipschitz Method, Non-linear Differential 
Equations, Simultaneous Equations, etc. Problems. Index. 308pp. 5% x 8. 

Vol. 1 S554 Paperbound $2.50 
Vol. 2 part 1 S555 Paperbound $1.85 
Vol. 2 part 2 S556 Paperbound $1.85 
3 vol. set $6-20 


MODERN THEORIES OF INTEGRATION, H. Kestelman. Connected and concrete coverage, with 
fully-worked-out proofs for every step. Ranges from elementary definitions through theory 
of aggregates, sets of points, Riemann and Lebesgue integration, and much more. This new 
revised and enlarged edition contains a new chapter on Riemann-Stieltjes integration, as well 
as a supplementary section of 186 exercises. Ideal for the mathematician, student, teacher, 
or self-studier. Index of Definitions and Symbols. General Index. Bibliography, x + 310pp. 
5% x 8%. S572 Paperbound $2.25 


THEORY OF MAXIMA AND MINIMA, H. Hancock. Fullest treatment ever written; only work in 
English with extended discussion of maxima and minima for functions of 1, 2, or n variables, 
problems with subsidiary constraints, and relevant quadratic forms. Detailed proof of each 
important theorem. Covers the Scheeffer and von Dantscher theories, homogeneous quadratic 
forms, reversion of series, fallacious establishment of maxima and minima, etc. Unsurpassed 
treatise for advanced students of calculus, mathematicians, economists, statisticians. Index. 
24 diagrams. 39 problems, many examples. 193pp. 53/a x 8. S665 Paperbound $1.50 


AN ELEMENTARY TREATISE ON ELLIPTIC FUNCTIONS, A. Cayley. Still the fullest and clearest 
text on the theories of Jacobi and Legendre for the advanced student (and an excellent 
supplement for the beginner). A masterpiece of exposition by the great 19th century British 
mathematician (creator of the theory of matrices and abstract geometry), it covers the 
addition-theory, Landen’s theorem, the 3 kinds of elliptic integrals, transformations, the 
q-functions, reduction of a differential expression, and much more. Index, xii + 386pp. 53/ a x 8. 

S728 Paperbound $2.00 


THE APPLICATIONS OF ELLIPTIC FUNCTIONS, A. G. Greenhill. Modern books forego detail for 
sake of brevity—this book offers complete exposition necessary for proper understanding, 
use of elliptic integrals. Formulas developed from definite physical, geometric problems; 
examples representative enough to offer basic information in widely useable form. Elliptic 
integrals, addition theorem, algebraical form of addition theorem, elliptic integrals of 2nd, 
3rd kind, double periodicity, resolution into factors, series, transformation, etc. Introduction. 
Index. 25 illus: xi + 357pp. 5% x 8. S603 Paperbound $1.75 


THE THEORY OF FUNCTIONS OF REAL VARIABLES, James Pierpont. A 2-yolume authoritative 
exposition, by one of the foremost mathematicians of his time. Each theorem stated with 
all conditions, then followed by proof. No need to go through complicated reasoning to dis¬ 
cover conditions added without specific mention. Includes a particularly complete, rigorous 
presentation of theory of measure; and Pierpont’s own work on a theory of Lebesgue 
integrals, and treatment of area of a curved surface. Partial contents, Vol. 1: rational 
numbers, exponentials, logarithms, point aggregates, maxima, minima, proper integrals, 
improper integrals, multiple proper integrals, continuity, discontinuity, indeterminate forms. 
Vol. 2: point sets, proper integrals, series, power series, aggregates, ordinal numbers, 
discontinuous functions, sub-, infra-uniform convergence, much more. Index. 95 illustrations. 
1229pp. 53/s X 8. S558-9, 2 volume set, paperbound $5.20 
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FUNCTIONS OF A COMPLEX VARIABLE, James Pierpont. Long one of best in the field. A 
thorough treatment of fundamental elements, concepts, theorems. A complete study, rigor¬ 
ous, detailed, with carefully selected problems worked out to illustrate each topic. Partial 
contents: arithmetical operations, real term series, positive term series, exponential functions, 
integration, analytic functions, asymptotic expansions, functions of Weierstrass, Legendre, 
etc. Index. List of symbols. 122 illus. 597pp. 5% x 8 . S560 Paperbound $2.45 

MODERN OPERATIONAL CALCULUS: WITH APPLICATIONS IN TECHNICAL MATHEMATICS, N. W. 
McLachlan. An introduction to modern operational calculus based upon the Laplace trans¬ 
form, applying it to the solution of ordinary and partial differential equations. For physi¬ 
cists, engineers, and applied mathematicians. Partial contents: Laplace transform, theorems 
or rules of the operational calculus, solution of ordinary ana partial linear differential 
equations with constant coefficients, evaluation of integrals and establishment of mathe¬ 
matical relationships, derivation of Laplace transforms of various functions, etc. Six appen¬ 
dices deal with Heaviside’s unit function, etc. Revised edition. Index. Bibliography, xiv + 
218pp. 5% x 8 V 2 . S192 Paperbound $1.75 

ADVANCED CALCULUS, E. B. Wilson. An unabridged reprinting of the work which continues 
to be recognized as one of the most comprehensive and useful texts in the field. It contains 
an immense amount of well-presented, fundamental material, including chapters on vector 
functions, ordinary differential equations, special functions, calculus of variations, etc., 
which are excellent introductions to these areas. For students with only one year of cal¬ 
culus, more than 1300 exercises cover both pure math and applications to engineering 
and physical problems. For engineers, physicists, etc., this work, with its 54 page intro¬ 
ductory review, is the ideal reference and refresher. Index, ix + 566pp. 5% x 8 . 

S504 Paperbound $2.45 

ASYMPTOTIC EXPANSIONS, A. Erddlyi. The only modern work available in English, this is an 
unabridged reproduction of a monograph prepared for the Office of Naval Research. It dis¬ 
cusses various procedures for asymptotic evaluation of integrals containing a large parameter 
and solutions of ordinary linear differential equations. Bibliography of 71 items, vi + 108pp. 
5% x 8 . S318 Paperbound $1.35 


INTRODUCTION TO ELLIPTIC FUNCTIONS: with applications, F. Bowman. Concise, practical 
introduction to elliptic integrals and functions. Beginning with the familiar trigonometric 
functions, it requires nothing more from the reader than a knowledge of basic principles 
of differentiation and integration. Discussion confined to the Jacobian functions. Enlarged 
bibliography. Index. 173 problems and examples. 56 figures, 4 tables. 115pp. 5% x 8 . 

S922 Paperbound $1.25 


ON RIEMANN'S THEORY OF ALGEBRAIC FUNCTIONS AND THEIR INTEGRALS: A SUPPLEMENT 
TO THE USUAL TREATISES, Felix Klein. Klein demonstrates how the mathematical ideas in 
Riemann’s work on Abelian integrals can be arrived at by thinking in terms of the flow 
of electric current on surfaces. Intuitive explanations, not detailed proofs given in an 
extremely clear exposition, concentrating on the kinds of functions which can be defined 
on Riemann surfaces. Also useful as an introduction to the origins of topological problems. 
Complete and unabridged. Approved translation by Frances Hardcastle. New introduction. 
43 figures. Glossary, xii + 76pp. 53 / 8 x 8 V 2 . S1072 Paperbound $1.25 


COLLECTEO WORKS OF BERNHARD RIEMANN. This important source book is the first to con¬ 
tain the complete text of both 1892 Werke and the 1902 supplement, unabridged. It contains 
31 monographs, 3 complete lecture courses, 15 miscellaneous papers, which have been of 
enormous importance in relativity, topology, theory of complex variables, and other areas 
of mathematics. Edited by R. Dedekind, H. Weber, M. Noether, W. Wirtinger. German text. 
English introduction by Hans Lewy. 690pp. 53 / 8 x 8 . S226 Paperbound $2.85 


THE TAYLOR SERIES, AN INTRODUCTION TO THE THEORY OF FUNCTIONS OF A COMPLEX 
VARIABLE, P. Dienes. This book investigates the entire realm of analytic functions. Only 
ordinary calculus is needed, except in the last two chapters. Starting with an introduction 
to real variables and complex algebra, the properties of infinite series, elementary func¬ 
tions, complex differentiation and integration are carefully derived. Also biuniform mapping, 
a thorough two part discussion of representation and singularities of analytic functions, 
overconvergence and gap theorems, divergent series, Taylor series on its circle of con¬ 
vergence, divergence and singularities, etc. Unabridged, corrected reissue of first edition. 
Preface and index. 186 examples, many fully worked out. 67 figures, xii + 555pp. 5% x 8 . 

S391 Paperbound $2.75 

INTRODUCTION TO BESSEL FUNCTIONS, Frank Bowman. A rigorous self-contained exposition 
providing all necessary material during the development, which requires only some knowl¬ 
edge of calculus and acquaintance with differential equations. A balanced presentation 
including applications and practical use. Discusses Bessel Functions of Zero Order, of Any 
Real Order; Modified Bessel Functions of Zero Order; Definite Integrals; Asymptotic Expan¬ 
sions; Bessel’s Solution to Kepler’s Problem; Circular Membranes; much more. “Clear and 
straightforward . . . useful not only to students of physics and engineering, but to mathe¬ 
matical students in general," Nature. 226 problems. Short tables of Bessel functions. 27 
figures. Index, x + 135pp. 53/ 8 x 8 . S462 Paperbound $1.35 
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ELEMENTS OF THE THEORY OF REAL FUNCTIONS, J. E. Littlewood. Based on lectures given at 
Trinity College, Cambridge, this book has proved to be extremely successful in introducing 
graduate students to the modern theory of functions. It offers a full and concise coverage 
of classes and cardinal numbers, well-ordered series, other types of series, and elements 
of the theory of sets of points. 3rd revised edition, vii + 71pp. 5% x 8. 

5171 Clothbound $2.85 

5172 Paperbound $1.25 


TRANSCENDENTAL AND ALGEBRAIC NUMBERS, A. 0. Gelfond. First English translation of work 
by leading Soviet mathematician. Thue-Siegel theorem, its p-adic analogue, on approximation 
of algebraic numbers by numbers in fixed algebraic field; Hermite-Lindemann theorem on 
transcendency of Bessel functions, solutions of other differential equations; Gelfond-Schneider 
theorem on transcendency of alpha to power beta; Schneider’s work on elliptic functions, 
with method developed by Gelfond. Translated by L. F. Boron. Index. Bibliography. 200pp. 
5% x 8. S615 Paperbound $1.75 


ELLIPTIC INTEGRALS, H. Hancock. Invaluable in work involving differential equations contain¬ 
ing cubics or quartics under the root sign, where elementary calculus methods are inade¬ 
quate. Practical solutions to problems that occur in mathematics, engineering, physics: 
differential equations requiring integration of Lamp’s, Briot's, or Bouquet’s equations; deter¬ 
mination of arc of ellipse, hyperbola, lemniscate; solutions of problems in elastica; motion 
of a projectile under resistance varying as the cube of the velocity; pendulums; many 
others. Exposition is in accordance with Legendre-Jacobi theory and includes rigorous dis¬ 
cussion of Legendre transformations. 20 figures. 5 place table. Index. 104pp. 5Vfe x 8. 

S484 Paperbound $1.25 


LECTURES ON THE THEORY OF ELLIPTIC FUNCTIONS, H. Hancock. Reissue of the only book 
in English with so extensive a coverage, especially of Abel, Jacobi, Legendre, Weierstrasse, 
Hermite, Liouville, and Riemann. Unusual fullness of treatment, plus applications as well as 
theory, in discussing elliptic function (the universe of elliptic integrals originating in works 
of Abel and Jacobi), their existence, and ultimate meaning. Use is made of Riemann to 
provide the most general theory. 40 page table of formulas. 76 figures, xxiii + 498pp. 

S483 Paperbound $2.55 

THE THEORY AND FUNCTIONS OF A REAL VARIABLE AND THE THEORY OF FOURIER’S SERIES, 
E. W. Hobson. One of the best introductions to set theory and various aspects of functions 
and Fourier’s series. Requires only a good background in calculus. Provides an exhaustive 
coverage of: metric and descriptive properties of sets of points; transfinite numbers and 
order types; functions of a real variable; the Riemann and Lebesgue integrals; sequences 
and series of numbers; power-series; functions representable by series sequences of continuous 
functions; trigonometrical series; representation of functions by Fourier’s series; complete 
exposition (200pp.) on set theory; and much more. "The best possible guide,’’ Nature. Vol. I: 
88 detailed examples, 10 figures. Index, xv + 736pp. Vol. II: 117 detailed examples, 13 
figures. Index, x + 780pp. 6Vs x 9 Va. Vol. I: S387 Paperbound $3.00 

Vol. II: S388 Paperbound $3.00 

ALMOST PERIODIC FUNCTIONS, A. S. Bosicovitch. This unique and important summary by a 
well-known mathematician covers in detail the two stages of development in Bohr’s theory of 
almost periodic functions: (1) as a generalization of pure periodicity, with results and 
proofs; (2) the work done by Stepanoff, Wiener, Weyl, and Bohr in generalizing the theory. 
Bibliography, xi + 180pp. 5% x 8. S18 Paperbound $1.75 

THE ANALYTICAL THEORY OF HEAT, Joseph Fourier. This book, which revolutionized mathe¬ 
matical physics, is listed in the Great Books program, and many other listings of great 
books. It has been used with profit by generations of mathematicians and physicists who are 
interested in either heat or in the application of the Fourier integral. Covers cause and 
refiection of rays of heat, radiant heating, heating of closed spaces, use of trigonometric 
series in the theory of heat, Fourier integral, etc. Translated by Alexander Freeman. 20 
figures, xxii + 466pp. 5% x 8. S93 Paperbound $2.50 

AN INTRODUCTION TO FOURIER METHODS AND THE LAPLACE TRANSFORMATION, Philip Franklin. 

Concentrates upon essentials, enabling the reader with only a working knowledge of calculus 
to gain an understanding of Fourier methods in a broad sense, suitable for most applica¬ 
tions. This work covers complex qualities with methods of computing elementary functions 
for complex values of the argument and finding approximations by the use of charts; 
Fourier series and integrals with half-range and complex Fourier series; harmonic analysis; 
Fourier and Laplace transformations, etc.; partial differential equations with applications to 
transmission of electricity; etc. The methods developed are related to physical problems of 
heat fiow, vibrations, electrical transmission, electromagnetic radiation, etc. 828 problems 
with answers. Formerly entitled “Fourier Methods.” Bibliography. Index, x + 289pp. 5% x 8. 

S452 Paperbound $2.00 

THE FOURIER INTEGRAL AND CERTAIN OF ITS APPLICATIONS, Norbert Wienor. The only book- 
length study of the Fourier integral as link between pure and applied math. An expansion 
of lectures given at Cambridge. Partial contents: Plancherel’s theorem, general Tauberian 
theorem, special Tauberian theorems, generalized harmonic analysis. Bibliography, viii + 
201pp. 5% x 8. S272 Paperbound $1.50 
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Differential equations, ordinary and partial; integral equations 

INTRODUCTION TO THE DIFFERENTIAL EQUATIONS OF PHYSICS, L. Hopf. Especially valuable 
to the engineer with no math beyond elementary calculus. Emphasizing intuitive rather than 
formal aspects of concepts, the author covers an extensive territory. Partial contents: Law 
of causality, energy theorem, damped oscillations, coupling by friction, cylindrical and 
spherical coordinates, heat source, etc. Index. 48 figures. 160pp. 5% x 8. 

S120 Paperbound SI .25 

INTRODUCTION TO THE THEORY OF LINEAR DIFFERENTIAL EQUATIONS, E. G. Poolo. Authorita¬ 
tive discussions of important topics, with methods of solution more detailed than usual, for 
students with background of elementary course in differential equations. Studies existence 
theorems, linearly independent solutions; equations with constant coefficients; with uniform 
analytic coefficients; regular singularities; the hypergeometric equation; conformal repre¬ 
sentation; etc. Exercises. Index. 210pp. 5% x 8. S629 Paperbound 51.65 

DIFFERENTIAL EQUATIONS FOR ENGINEERS, P. Franklin. Outgrowth of a course given 10 
years at M. I. T. Makes most useful branch of pure math accessible for practical work. 
Theoretical basis of D.E.’s; solution of ordinary D.E.’s and partial derivatives arising from 
heat flow, steady-state temperature of a plate, wave equations; analytic functions; con¬ 
vergence of Fourier Series. 400 problems on electricity, vibratory systems, other topics. 
Formerly “Differential Equations for Electrical Engineers.” Index 41 Ulus. 307pp. 5% x 8. 

S601 Paperbound 51.65 

DIFFERENTIAL EQUATIONS, F. R. Moulton. A detailed, rigorous exposition of all the non¬ 
elementary processes of solving ordinary differential equations. Several chapters devoted to 
the treatment of practical problems, especially those of a physical nature, which are far 
more advanced than problems usually given as illustrations. Includes analytic differential 
equations; variations of a parameter; integrals of differential equations; analytic implicit 
functions; problems of elliptic motion; sine-amplitude functions; deviation of formal bodies; 
Cauchy-Lipschitz process; linear differential equations with periodic coefficients; differential 
equations in infinitely many variations; much more. Historical notes. 10 figures. 222 prob¬ 
lems. Index, xv + 395pp. 5% x 8. S451 Paperbound 52.00 


DIFFERENTIAL AND INTEGRAL EQUATIONS OF MECHANICS AND PHYSICS (DIE DIFFERENTIAL- 
UND INTEGRALGLEICHUNGEN DER MECHANIK UNO PHYSIK), edited by P. Frank and R. von 

Mises. Most comprehensive and authoritative work on the mathematics of mathematical 
physics available today in the United States: the standard, definitive reference for teachers, 
physicists, engineers, and mathematicians—now published (in the original German) at a rela¬ 
tively inexpensive price for the first time! Every chapter in this 2,000-page set is by an 
expert in his field: CarathGodory, Courant, Frank, Mises, and a dozen others. Vol I, on 
mathematics, gives concise but complete coverages of advanced calculus, differential equa¬ 
tions, integral equations, and potential, and partial differential equations. Index, xxiii + 
916pp. Vol. II (physics): classical mechanics, optics, continuous mechanics, heat conduction 
and diffusion, the stationary and quasi-stationary electromagnetic field, electromagnetic 
oscillations, and wave mechanics. Index, xxiv + 1106pp. Two volume set. Each volume avail¬ 
able separately. 5% x 8%. S787 Vol I Clothbound 57.50 

S788 Vol II Clothbound 57.50 
The set 515.00 


LECTURES ON CAUCHY’S PROBLEM, I. Hadamard. Based on lectures given at Columbia, Rome, 
this discusses work of Riemann, Kirchhoff, Volterra, and the author’s own research on the 
hyperbolic case in linear partial differential equations. It extends spherical and cylindrical 
waves to apply to all (normal) hyperbolic equations. Partial contents: Cauchy’s problem, 
fundamental formula, equations with odd number, with even number of independent var¬ 
iables; method of descent. 32 figures. Index. Hi + 316pp. 5% x 8. S105 Paperbound 51 -75 


THEORY OF DIFFERENTIAL EQUATIONS, A. R. Forsyth. Out of print for over a decade, the 
complete 6 volumes (now bound as 3) of {his monumental work represent the most com¬ 
prehensive treatment of differential equations ever written. Historical presentation includes 
in 2500 pages every substantial development. Vol. 1, 2: EXACT EQUATIONS, PFAFF’S 
PROBLEM; ORDINARY EQUATIONS, NOT LINEAR: methods of Grassmann, Clebsch, Lie, Dar- 
boux; Cauchy’s theorem; branch points; etc. Vol. 3, 4: ORDINARY EQUATIONS, NOT LINEAR; 
ORDINARY LINEAR EQUATIONS: Zeta Fuchsian functions, general theorems on algebraic 
integrals, Brun’s theorem, equations with uniform periodic coffiecients, etc. Vol. 4, 5: 
PARTIAL DIFFERENTIAL EQUATIONS: 2 existence-theorems; equations of theoretical dynamics, 
Laplace transformations, general transformation of equations of the 2nd order, much more. 
Indexes. Total of 2766pp. 5% x 8. S576-7-8 Clothbound: the set 515.00 


PARTIAL DIFFERENTIAL EQUATIONS OF MATHEMATICAL PHYSICS, A. G. Webster. A keystone 
work in the library of every mature physicist, engineer, researcher. Valuable sections on 
elasticity, compression theory, potential theory, theory of sound, heat conduction, wave 
propagation, vibration theory. Contents include: deduction of differential equations, vibra¬ 
tions, normal functions, Fourier’s series, Cauchy’s method, boundary problems, method of 
Riemann-Volterra. Spherical, cylindrical, ellipsoidal harmonics, applications, etc. 97 figures, 
vii + 440pp. 5% x 8. S263 Paperbound 52.00 
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ORDINARY DIFFERENTIAL EQUATIONS, E. L. Ince. A most compendious analysis in real and 
complex domains. Existence and nature of solutions, continuous transformation groups, solu¬ 
tions in an infinite form, definite integrals, algebraic theory, Sturmian theory, boundary prob¬ 
lems, existence theorems, 1st order, higher order, etc. “Deserves the highest praise, a notable 
addition to mathematical literature,” BULLETIN, AM. MATH. SOC. Historical appendix. Bib¬ 
liography. 18 figures, viii + 558pp. 5% x 8. S349 Paperbound $2.75 


INTRODUCTION TO NONLINEAR DIFFERENTIAL ANO INTEGRAL EQUATIONS, Harold T. Davis. 

A thorough introduction to this important area, of increasing interest to mathematicians and 
scientists. First published by the United States Atomic Energy Commission, it includes chap¬ 
ters on the differential equation of the first order, the Riccati equation (as a bridge between 
linear and nonlinear equations), existence theorems, second order equations, elliptic integrals, 
elliptic functions, and theta functions, second order differential equations of polynomial 
class, continuous analytic continuation, the phase plane and its phenomena, nonlinear me¬ 
chanics, the calculus of variations, etc. Appendices on PainlevS transcendents and Van der 
Pol and Volterra equations. Bibliography of 350 items. 137 problems. Index, xv + 566pp. 
5% x 8 V 2 . S971 Paperbound $2.00 

THEORY OF FUNCTIONALS AND OF INTEGRAL AND INTEGRO-DIFFERENTIAL EQUATIONS, Vito 
Volterra. Unabridged republication of the only English translation. An exposition of the 
general theory of the functions depending on a continuous set of values of another function, 
based on the author’s fundamental notion of the transition from a finite number of variables 
to a continually infinite number. Though dealing primarily with integral equations, much 
material on calculus of variations is included. The work makes no assumption of previous 
knowledge on the part of the reader. It begins with fundamental material and proceeds to 
Generalization of Analytic Functions, Integra-Differential Equations, Functional Derivative 
Equations, Applications, Other Directions of Theory of Functionals, etc. New introduction by 
G. C. Evans. Bibliography and criticism of Volterra’s work by E. Whittaker. Bibliography. 
Index of authors cited. Index of subjects, xxxx + 226pp. 5% x 8. S502 Paperbound $1.75 

LINEAR INTEGRAL EQUATIONS, W. V. Lovitt. Systematic survey of general theory, with some 
application to differential equations, calculus of variations, problems of math, physics. 
Partial contents: integral equation of 2nd kind by successive substitutions,- Fredholm's equa¬ 
tion as ratio of 2 integral series in lambda, applications of the Fredholm theory, Hilbert- 
Schmidt theory of symmetric kernels, application, etc. Neumann, Dirichlet, vibratory prob¬ 
lems. Index, ix + 253pp. 5% x 8. Sl76 Paperbound $1.60 


Foundations of mathematics 

THE CONTINUUM AND OTHER TYPES OF SERIAL OROER, E. V. Huntington. This famous book 
gives a systematic elementary account of the modern theory of the continuum as a type of 
serial order. Based on the Cantor-Dedekind ordinal theory, which requires no technical 
knowledge of higher mathematics, it offers an easily followed analysis of ordered classes, 
discrete and dense series, continuous series. Cantor’s transfinite numbers. 2nd edition. Index. 

viii + 82pp. 5% x 8. S130 Paperbound $1.00 

CONTRIBUTIONS TO THE FOUNDING OF THE THEORY OF TRANSFINITE NUMBERS, Georg Cantor. 

These papers founded a new branch of mathematics. The famous articles of 1895-7 are 
translated, with an 82-page introduction by P. E. B. Jourdain dealing with Cantor, the back¬ 
ground of his discoveries, their results, future possibilities. Bibliography. Index. Notes. 

ix + 211 pp. 5% x 8. S45 Paperbound $1.35 


ELEMENTARY MATHEMATICS FROM AN AOVANCED STANDPOINT, Felix Klein. 

This classic text is an outgrowth of Klein’s famous integration and survey course at Gottingen. 
Using one field of mathematics to interpret, adjust, illuminate another, it covers basic 
topics in each area, illustrating its discussion with extensive analysis. It is especially 
valuable in considering areas of modern mathematics. “Makes the reader feel the inspiration 
of ... a great mathematician, inspiring teacher . . . with deep insight into the founda¬ 
tions and interrelations," BULLETIN, AMERICAN MATHEMATICAL SOCIETY. 


Vol. 1. ARITHMETIC, ALGEBRA, ANALYSIS. Introducing the concept of function immediately, 
it enlivens abstract discussion with graphical and geometrically perceptual methods. Partial 
contents: natural numbers, extension of the notion of number, special properties, complex 
numbers. Real equations with real unknowns, complex quantities. Logarithmic, exponential 
functions, goniometric functions, infinitesimal calculus. Transcendence of e and pi, theory 
of assemblages. Index. 125 figures, ix + 274pp . 5% x 8. S150 Paperbound $1.85 


Vol. 2. GEOMETRY. A comprehensive view which accompanies the space perception inherent 
in geometry with analytic formulas which facilitate precise formulation. Partial contents: 
Simplest geometric manifolds: line segment, Grassmann determinant principles, classification 
of configurations of space, derivative manifolds. Geometric transformations: affine transforma¬ 
tions, projective, higher point transformations, theonr of the imaginary. Systematic discussion 
of geometry and its foundations. Indexes. 141 illustrations, ix + 214 ^ 5 ^ p ®‘ d ^ 75 
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Probability theory and information theory 

SI?in E n L h^ E ?J^,J!li T, l OD ^ CTIO r N J° THE „THEORY OF PROBABILITY, B. V. Gnedenkn and A. Ya. 
rilnfr "!; tl rans ? t, !i d by * L ^ e F- Bnr ° n - A clear - compact introduction designed to equip the 
a fundamental grasp of the theory of probability. It is thorough and authori- 
w'thin its purposely restricted range, yet the layman with a background in elementary 
h^^«rji at in S thi ^ b f a . b l® to f . ollow .without difficulty. Covers such topics as the processes 
M,y« n d owL . th ? ca,c . ulat ' on of probabilities, conditional probabilities and the multiplication 
faic' B , a I e A formula > Bernoulli s scheme and theorem, random variables and distribution 
ocm d, ff ers ‘°i n * and , m ® an deviations. New translation of fifth (revised) Russian edi- 
i£tiin 9 hS lT th w ° n| y transiation checked and corrected by Gnedenko. New preface for Dover 
echtion by B. V. Gnedenko. Index. Bibliography. Appendix: Table of values of function <£(a). 
xii + 130pp. 5% x 8 V 2 . T155 Paperbound $1.50 

AN INTRODUCTION TO MATHEMATICAL PROBABILITY, Julian Lowell Coolidge. A thorough intro- 
duction which presents the mathematical foundation of the theory of probability. A si' 


tables. 4 diagrams. Subject and author indices.*xN° + 21typV'Mb'x'BVfc* Pag6S ° f logaritbm 

S258 Paperbound $1.35 

RESEARCH, W. E. Duckworth. A brief nontechnical exposition of 
a J!, d tha P n . es of operational research. A good introduction for the layman; also 
fn *" ltiat r Wlth new understandings. No mathematical training needed, yet not 

a nl»°»mm mp fica h 0n ' Covers game theory, mathematical analysis, information theory, linear 
de . cis,0n theory, etc. Also includes a discussion of the actual 
organization of an operational research program and an account of the uses of such pro- 
J be . 0 "’ chemical, paper, and metallurgical industries, etc. Bibliographies at 
chapter ends. Appendices. 36 figures. 145pp. 5 V 4 x 8 V 2 . T1129 Clothbound $3.50 

MATHEMATICAL FOUNDATIONS OF INFORMATION THEORY, A. I. Khinchin. For the first time 
mathematicians, statisticians, physicists, cyberneticists, and communications engineers are 
offered a complete and exact introduction to this relatively new field. Entropy as a measure of 
a finite scheme, applications to coding theory, study of sources, channels and codes, 
detaded proofs of both Shannon theorems for any ergodic source and any stationary channel 
with finite memory, and much more are covered. Bibliography, vii + 120pp. 53/ 8 x 8 . 

S434 Paperbound $1.35 

SELEeTEO PAPERS ON NOISE ANO STOCHASTIC PROCESS, edited by Prof. Nelson Wax, U. of 

Illinois. 6 basic papers for newcomers in the field, for those whose work involves noise 
characteristics. Chandrasekhar, Uhlenbeck & Ornstein, Uhlenbeck & Ming, Rice, Doob. In¬ 
cluded is Kac’s Chauvenet-Prize winning Random Walk. Extensive bibliography lists 200 
articles, up through 1953. 21 figures. 337pp. 6 Vs x 9 V 4 . S262 Paperbound $2.50 

THEORY OF PROBABILITY, William Burnside. Synthesis, expansion of individual papers pre- 
sents numerous problems in classical, probability, offering many original views succinctly, 
effectively. Game theory, cards, selections from groups; geometrical probability in such 
areas as suppositions as to probability of position of point on a line, points on surface 
of sphere, etc. Includes methods of approximation, theory of errors, direct calculation of 
probabilities, etc. Index. 136pp. 53/ 8 x 8 . S567 Paperbound $1 00 


Statistics 

ELEMENTARY STATISTICS, WITH APPLICATIONS IN MEOICINE ANO THE BIOLOGICAL SCIENCES, 
F. E. Crnxton. A sound introduction to statistics for anyone in the physical sciences, assum¬ 
ing no prior acquaintance and requiring only a modest knowledge of math. All basic 
formulas carefully explained and illustrated; all necessary reference tables included. From 
basic terms and concepts, the study proceeds to frequency distribution, linear, non-linear, 
and multiple correlation, skewness, kurtosis, etc. A large section deals with reliability 
and significance of statistical methods. Containing concrete examples from medicine and 
biology, this book will prove unusually helpful to workers in those fields who increasingly 
must evaluate, check, and interpret statistics. Formerly titled “Elementary Statistics with 
Applications in Medicine.” 101 charts. 57 tables. 14 appendices. Index, iv -I- 376pp. 5% x 8 . 

S506 Paperbound $ 2.00 


“J' a nrf S !£r 0F E * PER,MEN JS> H. B. Mann. Offers a method for grasping the analysis 
of variance and variance design within a short time. Partial contents: Chi-square distribution 
and analysis of variance distribution, matrices, quadratic forms, likelihood ration tests and 
tests of linear hypotheses, power of analysis, Galois fields, non-orthogonal data, interblock 
estimates, etc. 15pp. of useful tables, x + 195pp. 5 x 73/ 8 . S180 Paperbound $ 1.45 
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METHODS OF STATISTICS, L. H. C. Tippett. A classic in its field, this unusually complete sys¬ 
tematic introduction to statistical methods begins at beginner’s level and progresses to 
advanced levels for experimenters and poll-takers in all fields of statistical research. Sup¬ 
plies fundamental knowledge of virtually all elementary methods in use today by sociologists, 
psychologists, biologists, engineers, mathematicians, etc. Explains logical and mathematical 
basis of each method described, with examples for each section. Covers frequency distribu¬ 
tions and measures, inference from random samples, errors in large samples, simple analysis 
of variance, multiple and partial regression and correlation, etc. 4th revised (1952) edition. 
16 charts. 5 significance tables. 152-item bibliography. 96 tables. 22 figures. 395pp. 6 x 9. 

S228 Clothbound $7.50 

STATISTICS MANUAL, E. L. Crow, F. A. Davis, M. W. Maxfield. Comprehensive collection of 
classical, modern statistics methods, prepared under auspices of U. S. Naval Ordnance 
Test Station, China Lake, Calif. Many examples from ordnance will be valuable to workers in 
all fields. Emphasis is on use, with information on fiducial limits, sign tests, Chi.square 
runs, sensitivity, quality control, much more. “Well written . . . excellent reference work,” 
Operations Research. Corrected edition of NAVORD Report 3360 NOTS 948. Introduction. 
Appendix of 32 tables, charts. Index. Bibliography. 95 illustrations. 306pp. 5% x 8. 

S599 Paperbound $1.65 


Symbolic logic 


AN INTRODUCTION TO SYMBOLIC LOGIC, Susanne K. Langer. Probably the clearest book ever 
written on symbolic logic for the philosopher, general scientist and layman. It will be par¬ 
ticularly appreciated by those who have been rebuffed by other introductory works because 
of insufficient mathematical training. No special knowledge of mathematics is required. 
Starting with the simplest symbols and conventions, you are led to a remarkable grasp of 
the Boole-Schroeder and Russell-Whitehead systems clearly and quickly. PARTIAL CONTENTS: 
Study of forms, Essentials of logical structure, Generalization, Classes, The deductive system 
of classes. The algebra of logic, Abstraction of interpretation, Calculus of propositions, 
Assumptions of PRINCIPIA MATHEMATICA, Logistics, Logic of the syllogism, Proofs of 
theorems. “One of the clearest and simplest introductions to a subject which is very much 
alive. The style is easy, symbolism is introduced gradually, and the intelligent non-mathe¬ 
matician should have no difficulty in following the argument,” MATHEMATICS GAZETTE. 
Revised, expanded second edition. Truth-value tables. 368pp. 5% x 8. 

S164 Paperbound $1.75 


A SURVEY OF SYMBOLIC LOGIC: THE CLASSIC ALGEBRA OF LOGIC, C. I. Lewis. Classic survey 
of the field, comprehensive and thorough. Indicates content of major systems, alternative 
methods of procedure, and relation of these to the Boole-Schroeder algebra and to one 
another. Contains historical summary, as well as full proofs and applications of the classic, or 
Boole-Schroeder, algebra of logic. Discusses diagrams for the logical relations of classes, the 
two-valued algebra, propositional functions of two or more variables, etc. Chapters 5 and 6 
of the original edition, which contained material not directly pertinent, have been omitted in 
this edition at the author’s request. Appendix. Bibliography. Index, viii + 352pp. 5% x 8%. 

S643 Paperbound $2.00 

INTRODUCTION TO SYMBOLIC LOGIC ANO ITS APPLICATIONS, R. Carnap. One of the clearest, 
most comprehensive, and rigorous introductions to modern symbolic logic by perhaps its 
greatest living master. Symbolic languages are analyzed and one constructed. Applications 
to math (symbolic representation of axiom systems for set theory, natural numbers, real 
numbers, topology, Dedekind and Cantor explanations of continuity), physics (the general 
analysis of concepts of determination, causality, space-time-topology, based on Einstein), 
biology (symbolic representation of an axiom system for basic concepts). “A masterpiece,” 
Zentralblatt fur Mathematik und ihre Grenzgebiete. Over 300 exercises. 5 figures. Bibliog¬ 
raphy. Index, xvi + 241pp. 5% x 8. S453 Paperbound $1.85 

Clothbound $4.00 

SYMBOLIC LOGIC, C. I. Lewis, C. H. Langford. Probably the most cited book in symbolic 
logic, this is one of the fullest treatments of paradoxes. A wide coverage of the entire 
field of symbolic logic, plus considerable material that has not appeared elsewhere. Basic 
to the entire volume is the distinction between the logic of extensions and of intensions. 
Considerable emphasis is placed on converse substitution, while the matrix system presents 
the supposition of a variety of non-Aristotelian logics. It has especially valuable sections 
on strict limitations, existence of terms, 2-valued algebra and its extension to propositional 
functions, truth value systems, the matrix method, implication and deductibility, general 
theory of propositions, propositions of ordinary discourse, and similar topics. “Authoritative, 
most valuable,” TIMES, London. Bibliography. 506pp. 5% x 8. S170 Paperbound $2.00 


THE ELEMENTS OF MATHEMATICAL LOGIC, Paul Rosenbloom. First publication in any 
language. This book is intended for readers who are mature mathematically, but have no 
previous training in symbolic logic. It does not limit itself to a single system, but covers 
the field as a whole. It is a development of lectures given at Lund University, Sweden, in 
1948. Partial contents: Logic of classes, fundamental theorems, Boolean algebra, logic of 
propositions, logic of propositional functions, expressive languages, combinatory logics, 
development of mathematics within an object language, paradoxes, theorems of Post and 
Goedel, Church’s theorem, and similar topics, iv + 214pp. 5% x 8. S227 Paperbound $1.45 
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THE PRINCIPLES OF SCIENCE, A TREATISE ON LOGIC AND THE SCIENTIFIC METHOD, W. S. 
levons. Treating such topics as Inductive and Deductive Logic, the Theory of Number, 
Probability, and the Limits of Scientific Method, this milestone in the development of sym¬ 
bolic logic remains a stimulating contribution to the investigation of inferential validity in 
the natural and social sciences. It significantly advances Boole’s logic, and contains a de¬ 
tailed introduction to the nature and methods of probability in physics, astronomy, everyday 
affairs, etc. In his introduction, Ernest Nagel of Columbia University says, “[Jevons] 
continues to be of interest as an attempt to articulate the logic of scientific inquiry.” 
Index, liii + 786pp. 5% x 8. S446 Paperbound $2.98 


Vector and tensor analysis 

VECTOR AND TENSOR ANALYSIS, A. P. Wills. Covers the entire field of vector and tensor 
analysis from elementary notions to dyads and non-Euclidean manifolds (especially detailed), 
absolute differentiation, the Lam§ operator, the Riemann-Christoffel and Ricci-Einstein 
tensors, and the calculation of the Gaussian curvature of a surface. Many illustrations from 
electrical engineering, relativity theory, astro-physics, quantum mechanics. Presupposes only 
a good working knowledge of calculus. Exercises at end of each chapter, intended for 
physicists and engineers as well as pure mathematicians. 44 diagrams. 114 problems. 
Bibliography. Index, xxxii + 285pp. 5% x 8. S454 Paperbound $1.75 

APPLICATIONS OF TENSOR ANALYSIS, A. J. McConnell. (Formerly APPLICATIONS OF THE 
ABSOLUTE DIFFERENTIAL CALCULUS.) An excellent text for understanding the application 
of tensor methods to familiar subjects such as dynamics, electricity, elasticity, and hydro¬ 
dynamics. Explains the fundamental ideas and notation of tensor theory, the geometrical 
treatment of tensor algebra, the theory of differentiation of tensors, and includes a wealth 
of practical material. Bibliography. Index. 43 illustrations. 685 problems, xii + 381pp. 
5% x 8. S373 Paperbound $1.85 


VECTOR ANO TENSOR ANALYSIS, G. E. Hay. One of the clearest introductions to this increas¬ 
ingly important subject. Start with simple definitions, finish the book with a sure mastery 
of oriented Cartesian vectors, Christoffel symbols, solenoidal tensors, and their applica¬ 
tions. Complete breakdown of plane, solid, analytical, differential geometry. Separate chap¬ 
ters on application. All fundamental formulae listed & demonstrated. 195 problems, 66 
figures, viii + 193pp. 5% x 8. S109 Paperbound $1.75 


VECTOR ANALYSIS, FOUNDED UPON THE LECTURES OF j: WILLARD GIBBS, by E. B. Wilsen. 

Still a first-rate introduction and supplementary text for students of mathematics and 
physics. Based on the pioneering lectures of Yale’s great J. Willard Gibbs, can be followed 
by anyone who has had some calculus. Practical approach, stressing efficient use of combi¬ 
nations and functions of vectors. Worked examples from geometry, mechanics, hydrodynam¬ 
ics, gas theory, etc., as well as practice examples. Covers basic vector processes, differential 
and integral calculus in relation to vector functions, and theory of linear vector functions, 
forming an introduction to the study of multiple algebra and matrix theory. While the nota¬ 
tion is not always modern, it is easily followed, xviii + 436pp. 5% x 8. 

S656 Paperbound $2.00 


PROBLEMS AND WORKED SOLUTIONS IN VECTOR ANALYSIS, L. R. Sherter. More pages of fully- 
worked-out examples than any other text on vector analysis. A self-contained course for home 
study or a fine classroom supplement. 138 problems and examples begin with fundamentals, 
then cover systems of coordinates, relative velocity and acceleration, the commutative and 
distributive laws, axial and polar vectors, finite displacements, the calculus of vectors, curl 
and divergence, etc. Final chapter treats applications- in dynamics and physics: kinematics 
of a rigid body, equipotential surfaces, etc. "Very helpful . . . very comprehensive. A handy 
book like this . . . will fill a great want,” MATHEMATICAL GAZETTE. Index. List of 174 
important equations. 158 figures, xiv + 356pp. 5% x 8. S135 Paperbound $2.00 


Prices subject to change without notice. 

Dover publishes books on art, music, philosophy, literature, languages, 
history, social sciences, psychology, handcrafts, orientalia, puzzles and 
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Mathematical Tables of Elementary and Some Higher Mathematical 
Functions, Herbert B. Dwight. $1.75 
The Theory and Operation of the Slide Rule, John P. Ellis. $1.50 
Differential Equations for Engineers, Philip Franklin. $1.65 
Hydraulics and Its Applications, A. H. Gibson. Clothbound $8.00 
A Treatise on Gyrostatics and Rotational Motion, Andrew Gray. $2.75 
inductance Calculations: Working Formulas and Tables, Frederick W. 
Grover. $1.85 

The Principles of Electromagnetism Applied to Electrical Machines, 
Bernard Hague. $2.25 

Elasticity, Plasticity and Structure of Matter, Roelof Houwink. $2.45 
Applied Mechanics for Engineers, Sir Charles inglis. $2.00 
Tables of Functions with Formulae and Curves, Eugene Jnhnke and Fritz 
Emde. $2.00 

Photoelnsticity: Principles and Methods, H. T. Jessop and F. C. Harris. 
$2.00 

Optics and Optical instruments, B. K. Johnson. $1.65 

Mathematics of Modern Engineering, Ernest G. Keller and Robert E. 

Doherty. Two volume set $3.70 
Fundamental Electromagnetic Theory, Ronald P. King. $2.75 
Calculus Refresher for Technical Men, A. Albert Klof. $2.00 
Trigonometry Refresher for Technical Men, A. Albert Klaf. $2.00 
Stress Waves in Solids, H. Kolsky. $1.55 
Tensors for Circuits, Gabriel Kron. $2.00 
The Dynamical Theory of Sound, Horace Lamb. $1.50 
Hydrodynamics, Horace Lamb. $3.75 

Selected Papers on New Techniques for Energy Conversion, edited by 
Sumner N. Levine. $3.00 

Selected Papers on Semiconductor Microwave Electronics, edited by 
Sumner N. Levine and Richard M. Kurzrok. $2.25 
Fundamentals of Electricity and Magnetism, Leonard B. Loeb. $2.75 
The Principles of Electrochemistry, Duncan A. Mac/nnes. $2.45 
Loud Speakers: Theory, Performance, Testing, and Design, Norman W. 
McLach/an. $2.25 


Paperbound unless otherwise indicated. Prices subject to change with¬ 
out notice. Available at your book dealer or write for free catalogues to 
Dept. Eng.. Dover Publications, Inc., 180 Varick St., N. Y., N. Y. 10014. 
Please indicate field of interest. Dover publishes over 125 new books 
and records each year on such fields as mathematics, physics, explaining 
science, art, languages, philosophy, classical records, and others. 
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TRANSMISSION CIRCUITS 

EDITED BY GEORGE L. RAGAN 
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Highly intensified research activities carried on at government laboratories 
during World War II resulted in major developments in the radio electronics 
and high-frequency fields. Classified during the war, much of this informa¬ 
tion was held to be so valuable that it was written up afterwards by a staff 
of prominent physicists, mathematicians, and engineers at the Radiation 
Laboratory ofM.LT.The resulting “Radiation Laboratory Series" is recognized 
as the most distinguished and comprehensive series on radio engineering ever 
published. 

This particular study contains a wealth of theoretical and practical informa¬ 
tion on problems of microwave transmission along coaxial lines or waveguides. 
Limiting their coverage of circuits to those designed to operate within a 
wavelength region extending down from about 12 cm to about 1 . 2 cm, with 
corresponding frequencies of 2500 to 25.000 Mc/sec., the authors give primarily 
an exposition of principles and techniques, although a number of designs 
with performance data are also presented. 
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The book begins with a brief exposition of conventional transmission-line 
theory and then applies this to concepts of impedance and impedance trans¬ 
formations along the waveguide. A description of the materials and techniques 
of microwave transmission design is followed by an analysis of the basic prob¬ 
lem of connecting sections of transmission lines by means of suitable couplings. 
The associated topics of coaxial line supports, waveguide pressure seals, and 
phenomena of high-power breakdown are also considered, as are flexible 
sections of coaxial lines and waveguides. Chapter 6 discusses the problem of 
transferring r-f energy from a coaxial line to a waveguide or from one 
waveguide mode to another. The concluding chapters cover variable im¬ 
pedance transformers, with an extensive discussion of tuners and much in¬ 
formation concerning r-f power dividers and r-f switches, and contain an 
extensive treatment of the theory and design of microwave filters. 

Unabridged and unaltered republication of 1 st (1948) edition. Foreword by 
L. A. DuBridge. Preface by editor. 624 figures. 47 tables. Bibliography in 
notes and some chapter ends. Index, xvii -|- 725pp. 5% x 8V4- 

SI408 Paperbound | 400 j 
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A DOVER EDITION DESIGNED FOR YEARS OF USEI 
We have made every effort to make this the best book possible. Our paper 
is opaque, with minimal show-through; it will not discolor or become brit¬ 
tle with age. Pages are sewn in signatures, in the method traditionally used 
for the best books, and will not drop out, as often happens with paperbacks 
held together with glue. Books open flat for easy reference. The binding will 
not crack or split. This is a permanent book. 
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